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SUMMARY

A résumé is given of an investigation of the influence of plastic
deformation and of annesling temperature on the tensile and shear elastic
properties of high strength nonferrocus metals and stalnless steels in the
form of rods and tubes. The data were obtained from earlier technical
reportes and notes, and from unpublished work in this investigation.

There are also included data obtalned from published and unpublished
work performed on an independent investigation.

The rod materials, namely, nickel, monel, Inconel, copper, 13:2 Cr-
Ni steel, and 1&:8 Cr-N1 steel, were tested In tension; 18:8 Cr-Ni steel
tubes were tested in shear, and nickel, monel, aluminum-monel, and
Inconel tubes were tested 1in both tension and shear. T

There are first described experiments on the relationship between
hysteresls and creep, as obtained with repeated cyclic stressing of an-
nealed stainless steel specimens over a constant load range. Thess
tests, which preceded the measurements of elastic properties, asslsted
in devising the loading time scheduls used in such measurements,

From corrected stress~-set curves are derived the five proof stresses
used as indices of elastic or yield strength. From corrected stress-
gtrain curves are derived the secant modulus and its varlatlion with stress.
The relationship hetween the forms of the stress-set and stress-strain
curves and the values of the properties derived 1s discussed.

Curves of variatlon of proof stress and modulus with prior extension,
a8 obtained with single rod specimens, consist in wavellike baslc curves
with superposed oscillations due to differences of rest interval and ex-
tenslion svacing; the effects of these differences are studlied. Oscilla-
tlons of proof stress and modulus are generally opposite in manner. The
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use of a geries of tubular specimens corresponding to different amounts
of prior extenslen of cold reduction gave curves almost devoid of oscil-
lation since the effects of variation of rest interval aund extension
spacing were removed. Compairison is also obtalned tetween the variatlon
of the several piroperties, as measured in tension and in shear. The rise
of proof stress with extension is studled, and the work-hardening rates
of the varilous metals evaluated. The ratio between the tenslle and shear
proof gtresses for the varioug aunealed and cold-worked tubular metals is
likewise calculated.

The influence of arnealing or teupering temperature on the proef
stresess and moduli for the cold-worked metals and for air-hardened 13:2
Cr-Ni stesl is investigated. An improvement of elastic strength gener-
ally is obtained, without ilmportant loss of yield strength, by amnealing
at suitable tempersture.

The varlation of the proof stress and modulus of elagticity with
plastic defoxmation or anneeling temperature is expleined in terms of
the relative dominance of thres important factors: namely, (a) internal
stress, (b) lattice-expansion or work-hardening, and (c) crystal. re-
orientation.

Effective values of Polsson’s ratio were computed from tensile and
shear moduli obtained on tubular specimens. The variation of Poisson's
ratlio with plastic deformation and anncaling temperature le explained.in
terms of the degree of anisotropy produced by changes of (a) internsal
stress and (b) crystal orientation.

INTRODUCTION

An investigation oif the elastic properties of high strength alrcraft
metals has been conducted at the National Bureasu of Standards for several
years under the sponsorship of the Netional Advisory Committee for
Aeronautics. A serles of papers (references 1 to-6) have been presented.
The first two (references 1 and 2) were comprehensive btechnical reports
upon the tonsile elastic properties of stainless steels and nonferrous
metals. The remaining reports carprise a series of technical notes (ref-
erences 3 to 6) upon the low temperature properties of 18:8 Cr-Ni steol,
upon the shear elastic properties of stainliess steel and nonferrous metal
tubing, and upon Polsson's ratio for stainless steel.

The present peper is a summary of the preceding reports, and also
contains considereble additionel information consisting of (a) the re-
sults of tension tests on nonferrous tubing not previocusly reported,

(b) some useful information obtained on nickel rod in another investi-
getion in this laboratory (reference T), and (¢) some unpublished. results
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obtained in another project upon the influence of annealing temperature
on the tensile slastic properties of nonferrous rod meterials. These ad-
ditional data are believed to add substantially to the value of this sum-
marizing paper.

The elestic prcperties of a metal, as considered in thils report,
comprise the elastic strength, the elastic modulus, and assoclated indi-
ces. These properties may be derived in both tension and shear.

By elastic strength is ususlly meant the stress necessary to deform
the metal to a boundary between elastic and ineliestic strain. As shown
in several of the preceding papers (refervences 1, 2, 3, 4, and 7}, this
boundary is not definite but depends upon the sensitivity of the method
of measurement. For practical purposes, therefore, the elastic strength
and yield strength of a metal are expressed in terms of five indices
termed "proof stresses." Thsse are the stresses necessary to cause per-
manent strains of 0.001, 0,003, 0.01, 0.03, and 0.1 percent. The values
g0 obtained are found to vary with the amount and direction of previous
stressing beyond the elsstic strength.

As the stress-strain line for many metals is curved, the modulus of
elasticity must be defined in terms of itwo or more indices. These in-
dices may be taken as the modulus of elasticity at zero stiress, and at
one or more elevated stresses, and the linear stress coefficlent of the
modulus at zero stress, Cp. In previous papers (references 1, 2, L,
and 7), the quadratic stress coefficient of the modulus C*! was used.
This index is not evaluabed in the present summary. When the five proof
stresses and the variation of the modulus with stress are known, a
Pairly good picture of the elastic properties of a metal 1s obtained.

Additional indices were derived for some of these metals: namely,
the tensile-shsar proof stress rebio, the work-hardening rate, and
Poigson's retio. Poisson's ratio was derived from measured values of
the tension end shear moduli, by use of an appropriate formula. Values
of Poisson's ratio for 18:8 Cr-Ni steel were derived from tension and
torgion measurements on cold-drawn rod and tubing, respectively. (See
reference 5.) From values of the shear modulus derived previously
(reference 6) and of the tension modulus presented here for the Pirst
time, the values of Poisson's ratio were derived for nonferrous metal
tubing. The tensile-shear proof stress ratios and the work-hardening
retes of these nonferrous metals are likewise presented as new data.
There avre also presented the elastic propertles of 18:8 Cr-Ni steel rod
at low temperetures.

In this paper, considerable data contained in the earlier reports
were necessarily eliminated, for the sake of concliseness and claritvy.
The date presented are believed to be representative of each material
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tested. Where feasible, suimarizing statements give the results of work
for which data are not presented.

A study 1s made of the variation of the several elastic properties
of metals, in temsion and in shear, with cold deformastion and heat treat=
ment. This variation 1s shown to be influsnced by the relative dominance
of three factors.

The metals studied and epparatus used are described in part I, In
the development of the method of testing used, a preliminary investiga-
tlon was made of the relationship between hysteresis and creep for an-
nealed 18:8 Cr-Ni etesl. These tests are discussed in paxrt II. Part III
glves the methods of measuremseut, snd of plotting stress-set and stress-
deviation curves. The effect of prior plastic deformetion on the tenesile
and shear elagtic strengths of the various metals studied is discussed in
part IV, The influence of annealing temperature on the elastic strength
is presented in part V. This section also includes a discussion of the
low temperature tests of 18:8 Cr-Ni steel, Part VI contains a study of
the influence of prior plestic deformation on the tensile and shear mod-
uli and their linear stress coefflcients for the metals investlgeted.

The influence of annealing temperature on these moduli and their stress
coefficients is discussed in part VII. The effect of lowering the test
temperature on the tensile modulus is also studied. The varlation of

the calculated values of Poisson's ratio with plastic defcrmaticn ond
ammealing temperature also is presented in parts VI and VII, respectively.
The conclusions reached in this report are based on a comparisom of the
disgrems obtained with the ssveral metals.

I. MATERYALS AND APPARATUS

1. Materlials and Specimens

The materials used in this investigation consist of several nonfer-
rous metals, namely, nickel, monel, aluminum-monel, Inconel, coppexr,
end two stainless steels, namely, 13:2 Cr-Ni steel and 18:8 Cr-Ni steel.
Nickel, monel, aluminum-monel, and Inconel were supplied in both the rod
and. the tubular form by the International_Nickel Company. Resulte ob-
talned with aluminum-monel rod were fragmentary, and are given only in
an earlier report (reference 2). The oxygen-free copper rod was furnlshed
by the Scomet Engineering Compeny. The 13:2 Cr-Ni steel rod was furnished
by the Carpenter Steel Company. The cold-drawn 18:8 Cr-Ni steel rod was
furnished by the Allegheny-Ludlum Steel Corporation. The annecled 18:8
Cr-Ni steel rod was obtained from the stock room in this laboratory. The
18:8 Cr-N1 steel tubing was purchased on the open market,

The 13:2&-1\& s’oe&rod was supplied in the annealed condition
4
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(heated to 1240° F and slowly cooled in the furnace). The 18:8 Cr-Ni
steel rod upon which hysteresis measurements were made had been soft-
anmealed. The copper rod was cold-rolled. All the other rod material
was furnished in the cold-drswn condition. The 18:8 Cr-Ni steel tubing
was cold-drawn during manufacture. Nickel, monel, aluminum-monel, and
Inconel tubing were each supplied in several hardness grades as obtained
by cold reduction without intermediate anneal; sluminvm-monel and Inconel
tubing were also supplied in & soft-annealed condition. There also was
supplied nickel, monel, aluminum-monel, and Inconel tubing which had been
severely cold-reduced and then normalized or stress-relief-ammealed at

500° F. _ _

Cold reduction in the manufacture of the nonferrous tubing wes ob-
tained by "cold-drawing" or by the "tube reducer" method. The cold-
drewing method consists in drawing the tubing between a standard drawing
die and a mandrel. The tube reducer method consists in kneading the
tubing over a mandrel by the use of rolls. The latier method was used
only in producing severely cold-reduced tubing. Both methods will be
frequently referred to as cold reduction, in order to differentiate from
cold deformation obtained by temsile extension of specimens soft-annsaled
in ‘the laboratory.

Chemical compositions of all the materiels are listed in table 1.
Mechanicel and thermal treatments of individual rod specimens are listed
in table 2, and of individual tubuler specimens in table 3. The methods
and amounts of cold reduction imparted to the materials during manufac-
ture are also listed in tables 2 and 3. In each serial designation, the
Pirst letter or series of letters identifies the material as to composi-
tion, form,and degree of cold work during menufacture. Any annealing or
tempering treatment is indicated by a number following these letters,
denoting the number of degrees Fahrenheit in hundreds. If the specimen
was extended following the annealing treatment, and before test, these
numbers are followed by the letter R and en additional number indicat-
ing the nominal extemsion in percent. For 13:2 Cr-Ni steel (table 2)
the letter E 1s followed by a second letter which indicates the method
of cooling from 1750° F, namely, A for air cooling and ¥ for furnace
cooling; the final number indicates the tempering temperature in hundreds.

The original rod dlameters and the diameters of the rod test spec-
imens are glven in table 1. The gage diemeters of these specilmens were
made as large as possible in order to decrease the error of estimating
the stress; the error (in pounds) in estimating the load is practically
independent of the load, for any scale range of the testing machine. In
other respects, the rod specimens were according to the standard of the
American Society for Testing Materials for threaded specimens with 2-
inch gage length. The ratlio of gage length to diameter for the rod srec-
imens was unimportent in this investigation, because the tests did not
require extension beyond the point of beginning local contraction.

5
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All tubes were of l-inch outside diasmster, nominal size. The nickel,
monel, alurinvm-monel, and Inconel tubes were of 0.085-inch wall thick-
ness and the stainless steel tubes of 0.l-inch wall thickness, nominal.
slze. The specimens were thoroughly cleaned, after which the length,
average outslide diameter, and weight of each were accurately measured.
The average well thicknese of each specimen was computed from these dats,
and from a density value carefully determined by the hydrostatic weigh-
ing method on a emall sampls of the sems maberisl.

Single rod speclmens were prepared ccrresponding to each treatment
indicated in table 2. Duplicate specimens of nickel, monel, aluminum-
monel, and Inconel tubes wers prepared corresponding to each treatment
indicated in table 3; identical tubular specimens were tested in tension
and in torsion. Only single specimens of 18:8 Cr-Ni steel tubes were
prepared corresponding to each trsatmert listed in table 3. Before test,
esach tubular specimen had its ends fittsd with tight plugs in order to
prevent distortion during teat.

2. Appaxatus

A pendulum-hydraulic testing machine of 50,000-pound capacity was
used for tension testing. The threaded rod specimens were held in grips
with spherical seats. Wedge type grips held the tubuler tension tvest
speclmens. Torslon tests were made in a manually cperated pendulum-type
testing machine of 13,000 inch-pound ¢apacity.

Most of the room temperature tension tests were mede with a pair of
Tuckerman optical extensometers; these gages were asttached to opposlte
sides of the specimens. The smallest gage division of this extensometer
corresponds to & charge of length of 0.00004 inch. By means of a vernier
on this instrument, 1t is possible to estimate changes of length o with-
in about 0.000002 inch; this sensitivity corresponds to a strain sensi-
tivity of 1 X 10™% percent for the 2-inch gege length used. A limited
number of measursments were also made with an Ewing extensometer of some-
whet poorer gensitivity.

Room tumperature torsion tests were made with an optical torsion
meter (fig. 1) of high sensitivity, especially designed and ccnstructed
for measuring shear strain in this investigation. A description of this
torsion meter was given in earlier report (reference 4). The smallest
gage division on the scale of the collimator used in conjunction with the
torsion meter represents a relative angular motion of 0.0002 radian of
tube cross section a gage length (2% in.) apart. This corresponds to a
change of strain of less then 4.0 X 103 percent for the size tubular
specimens used. By means of a vernier on the collimator scale, changes
of strein of less than 2.0 X 10 * percent can be detected.

6
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For the lov hemperature tests described in this report, the specimen
was lmmersed in a bath consisting of equal parts of carbon tetrachloride
and chloroform, to which had been added an excess of solid carbon dioxide.
The modified Tuckerman extensometer and chamber used (fig. 2) were de-
geribed earlier (reference 3). ' ' '

II. EYSTERESIS AND CREEP OF ANNEALED 18:8 Cr-Ni STEEL

As previcusly mentioned, the boundary between elastic and plastic
strain is considerably affected by the amount and direction of any pre-
vious stressing beyond this boundary. One manifestation of this effect is
known as mechanical hysteresis. By plotting strain measurements obtained
at various stress increments, while raising and lowering the locad in a
single stress cycle, there would be obtained a curve the ascending and
descending portions of which generally do not coinclde. This would hold
true even if the maximum stress were well below the technical elastic
limit. The cycle of stress thus causes a hysteresis loop, which may or
wmay not be closed at the bottom. The width of the loop and the degree of
separaticn of the ascending and descending curves at the bottom depend on
the stress range, the rate of loading and the number and character of the
previous cycles.

1. General Descriptlon of Experiments on Hysteresis and Creep

In order to study in detail the interrelationship between stress,
strein, and permanent set, it is important to understand the influence of
hysteresis on the stress-strain characteristic and its relationship to
posltive and negative creep. In figure 3 are shown selected hysteresis
loops of series obtained upon each of three similar 18:8 Cr-Ni steel rod

specimens, DA-5, DA-3, and DA-4.' This rod material, DA, which was re-
ceived in the soft-apnnealed condition, is the same as used in a previous

investigation in this laboratory (reference 8). In each of the series,
the specimen was loaded between constant values of upper and lower load;
the lower load was Just sufficient to preserve alinement of the grips,
the adepter, and the specimen. With the stress range used for each spec-
imen, considerable permanent set was obtained with the initial cycles.
The stresses indicated were calculated by dividing the load by the cross
sectional ares at the beginning of each cycle. Such stresses are termed
true stresses. ' .

In figure 3 the origin of each loop has been shifted forwaerd by a
constant abscissa interval from the origin of the preceding loop plotted.

1In the designation of these three specimens, the final number is
used for identification only; it bears no relation to any annealing
temperature.

7
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The number of each cycle in the series is glven at the top. The cycle
.time, in minutes, is given at the top of each loop in the upper row and
inside each loop in the lower row. The total plastic extension prior to
each cycle ls also given inside each loop. The time interval between
cycles is indicated by the symbol at the beginning of each cycle.

Because  of the greater stress range in the cycles of the upper row,
the plastic extension of specimen DA-5 in the first few cycles was greater
than obtained on specimen DA-3 in the lower row. (Thése specimens are
designated 14-5 and 1A-3, respectively, in reference 1.) Nevertheless,
the permenent set per cycle decreased more repldly in the upper row than
in the lower row, owing probably to the greater work-hardening at the _
greater stress range in these cycles. Because of accidental overstress-
ing, only 29 cycles could be obtained upon specimen DA-3; only the first
5 cycles are shown. A new specimen of this material, DA-4 (designated
1A-k4 in reference 1) was given 30 rapid cycles over the sane stress renge,
without measuring strain, and the experiment then was continued. Some
few cycles obtained on specimen DA-4 are given in the right-hand portion
of the lower row of figure 3. A comprehensive discussion and additiomal
d?ta, relative to these tests, are found in an earlier report (reference
1). :

2. Hysteresls Experiments on Specimen DA-5

The first 4 cycles in the upper row of figure 3 are represented by
ordinary stress-strein curves. The first cycle, because of the relatively
high stress applied to this annealed material, caused an extension of 15
percent. The solid line represents the variation (with strain) of the
nominal stiess, that is, stress based on the original secticnal area; the
broken line represents the variaftion of stress based on the actual cross
gection corresponding to the sbrain. Fach of the other loops of the
upper yow 1is a plot of the true stress as previously defined.

Comparison of loops 1 to 4, with allowance for the fact that the
abscissa scale is much more sensitive for loops, 2, 3, and 4 than for
loop 1, shows that each of these loops (both at- the middle and at the
bottom opening) 1s considerably narrower than the preceding loocp. With
continued ocyclic repetition, the difference in form between any two ad-
Jacent loops gradually becomes smaller. In order to study these later
varlations, therefore, it is necessaxry to use a stlill more sensitive
abscissa scale. For loops 5 to 161, consequently, abgclgsas represent
deviations from a tensile modulus of 31 x 10° psi, plotted on a more open
geale. (A more deteiled discussion of the deviation method of plotting
is given later .in tre description of fig. 4.)

Consideration is given now to the variation with cyclic repetition
of the loop width at the middle, the width of the copening at the bottom,
and the negative creep at the bottom. These values are listed in table L;

8
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values for cycles not shown in this figure may be found in an earlier re-
port (reference 1, table III). For some cycles, strain measurements were
not made, but the stress range was the same as for the measured cycles.
The time for the unmeasured cycle was much less than for a measured cycle.
The net plastic extension per cycle, consequently, wes much less for the
wnmeagured than for the measured cycls.

With cyclic repetition, as shown in figure 3 and table L, the width
of the loop at the middle, and the wildth of the opening at the bottom
tend to decrease. This general trend for each of these values, however,
is sometimes Iinterrupted or masked by any marked variation of the cycle
time, or of the time inteival between cycles. Each cycle represented In
the upper row of figure 3 generally started immediastely after the end of
the cycle preceding it in the test. (The measured negative creep at the
end of a cycle was viewed as part of that cycle.) After 1l short cycles
1k to 154, however, there was a rest interval of 1 day. Loop 155, which
followed this rest interval, is much wider than loop 140. This widening
effect is only temporary; during several submequent loops the width rap-
1dly decreases and the general trend is resumed.

The net permanent extension per cycle (width of the opening at the
bottom of the loop) is the difference between the total positive creep
and. the total negetlive creep during the cycle. Most of the positive
creep occurs abt and near the top of the loop, and most of the negative
creep occurs at and near the bottom. The bulging of the loop in the
first part of the descent from the top gives qualitative evidence of pos-
itive creep; but the actual creep is less than indicated, owing to the
use of the deviation method of plotting. It was not possible to make di-
rect measurements of either the total positive or totael negative creep
occurring during a cycle. Values of the positive creep baéed_On the
bulging of the loop below the top, however, are listed in table L; these
values have only qualitative significance. They would be less had more
time been allowéd for positive creep at the top of the loop.

Pogitive creep during the first part of the descent from the top may
have its counterpart in negative creep during the first part of the as-
cent from the bottom of the loop. That ie, if time is not given for neg-
ative creep at the bottom of a loop, negative creep generally becomes ev-
ident during the first part of the aescent of the next loop in increasing
the steepness of the curve. In an investigation of the stress-strain or
stress-set relationship, therefore, care is necessary to eliminate or
minimize the disturbing effect of negative creep near the end of a cycle,
on the form of the following stress-strain or stress-set curve. In the
cycles represented in figure 3 and in most of the experiments represented
in the figures of this report, the disturbing effect of negative cteep
was minimized by allowing a rest inbterval before beginning the next cycle.
Time was thus gilven for completicn of important thermal creep and the
most repid part of the inelastic creep. Much longer time is necessary,

9
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however, to seliminate entirely the influence of inelastic negative creep
(reference 9). In table 4, the amounts of regative creep during 1 and 3
minutes are lilisted for specimen DA-5. That the rate of nsgative creep
decreases rapidly is indicated hy the greater creep occurring during the
flrst minute than in the succeeding 2 minutes. ‘The negative creep during
the firstiminute for these cycles is not plotted in figure 3.

3. Hysteresis Experiments on Specimens DA-3 and DA-4

In the lower row of figure 3 the locpe represent series of cycles
obtained on two specimens DA~3 and DA-4. The gtress range used was some-
what smaller than used with spscimen DA-5. As noted before, overstress
on specimen DA-3 after 29 cycles necessitated the continuation of these
tests upon specimen DA-4, which was first given 30 repid unmeasured
cycles. The total extension during these first 30 cycles was not meas-
ured, but as explained earlisr (refersnce 1), could be essumed to bo
about 3.5 percent.

The firet five stress-strain locps for specimen DA-3 are plotted;
the remaining selected loops shown were obtalned with specimen DA-4, and
are plotted as deviation from a modulus of 31 X 108 psi on a more open
scale. Data on the cycles shown are listed in table 4. Datae not shown
for measured and unmeasured cycles on thege specimens mey be found in an
an sarlier report (reference 1, tables IV and V).

For cycles 83 through 388 upon specimen DA-k4, the extensometer used.
wes reset after sach measured cycle, permitting some small unmeasured
negatlve creep during this interim. This intervael was therefore not con-
sidered a part of a cycle; as indicated by the first symbol of the suc-
ceeding cycle, this resetting generally required 2 minutes. The negative
creep messured after the first minute rest interval, however, is consid-
ered a portion of the previous cycle.

Cycle 31 is somewhat wider then any of the loops immediately follow-
ing (see reference 1) owing probably to an unstable corndition induced
during the preceding 30 rapild cycles. With slow cyclic repetition, the
maximum loop width and the width of the opening at the bottom of the loop
graduslly decreese. Ths positive creep likewise gradually decreases.

The 3-day interval preceding loop 1ll6 causes it to be somewhat wider than
loop 83. However, loop 118, which hes & short prior rest intervel, has
considerably less loop width than loop 83. Loops 376 and 377 are not ap-
preciably different from loop 118. Rapid cyclic streseing preceding

loop 376 evidently did not cause it to differ sppreciably from loop 377.
Hence, loop 388 ie effectively wider than loop 377 owing to the greatly
increased cycle time, rather than because of the rapid cycles preceding
it.

10
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k, Variation of Creep with Cyclic Repetition
Negative creep at the bottom of the loop evidently decreases rapldly

during the first few cycles, and changes more slowly with further cyclic
stressing. With cyclic repetition, both the net positive and negative
creep probably approach zero. The width of the loop at the middie, how-
ever, probably approaches a limiting value greater then zero. With a
completely closed loop, the form and size would be independent of cycle
time, producing “"elastic," or better, “"statical" hystereais.

Statical hysteresis evidently hed not been attained in specimens
DA-5 or DA-L4, since the loops are far from closure. Thousands, possibly
millions,of cycles probably would be necessary to cause such closure
(refevence 10). Witk much shorter cycls time (higher cycle freguency),
the number of cycles necessary to reach a condition of stabical hystexre-
s8ls would be still grester.

Negative creep frequently is called “elastic aftereffect.” This
term is erroneous, however, because negative creep 1ls often caused by
plastic deformation of parts of the microstructure of g metal, One kind
of negative creep which 1s truly elastic is thermal creep, as caused by
temperature equalization of a metal following a rapid change of stress.
In a comprehensive discussion of thermal crsep given in the earlier re-
port (reference 1, p. 8) it is shown that the measurable thermsl creep
caused by loading or unloading, within the yield stress range, a specl-
men of the form and size used, probably would be complete wlthin a
minute. Calculation of the eamount of total thermal negative creep for
the locps illustrated in figure 3 glves a value of lesg than 0.001 per-
cent. The negative creeép observed at the end of each loop measured was
therefore almost entirely inelastic creep. Although there may be a
real difference between the so-called "drift" and other types of slow
creep referred to in the literaturse, the authors aere unable to make such
& distinction in the discussion of the data to be presented.

III. MEASUREMENT OF STEESS, STRAIN, AND PERMANENT SET

1. Method of Tegt and Plotting of Results

In each series of hysteresis experiments previously described, the
stress range was held constant. To investigate the elastic strength and
modulus of elasticity, however, it has been found desirable to subject
the metal to repeated stress cycles of increasing range, so as to cobtain
correlated stress-strain and stress-set curves. For this purpose spec-
imeng have been loaded and unloaded cyclically to progressively greater
loads, until the total plastic extension reached at. least 0.1 percent.
The specimen was not completely unloaded during each cycle, but only to

11
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a fixed lower value, in order to avoid disturbing the alinement 'of grips,
adapters, and specimen.

By plotting for each cycle of stress, the strain as measured by
difference in stiein meber readings at each upper load and at the begin~
ning of the flrst cycle of stress, against the sbtress corresponding to
each upper load.,l a stress-strain curve may be obtained from the series
of stress cycles. Such a stress-strain curve is generally almost i1den-
tical with a curve obtained wilth uninterrupted increase of stross. An
actual stress-strain curve obtained by cyclic loading and unloading in
tension is shown in figure 4A (designated uncorrected). Stress is
plotted as ordinates and strain (extension) as abscissa. The experimen-
tal values are indicated as points on the curve, which has been extrepo-
lated to zero stress.

For a more sensitive picture of the variation of strain with streses,
it is desirable to plot a stress-deviation curve, ae shown by the broken
curve (designated uncorrected) in figure 4B. The strains represented in
this filgure are not the total strains, but are the calculated differences
between the total strains and the strains corresponding to an assumed
congtant value of the modulus of elasticity (for this curve 32 X lOsjpsD.
Figure 4B is plotted upon & more open abscissa scale than is figure LA.
By suitable choice of the assumed modulus value, the stress-deviation
curve gives & very sensitive representation of the variation of strain
with stress. Abscisse values on the broken curve in figure UB correspond
in figure 4A to the horizontel distences between the straight line rep-
resenting a modulus of 32 million psi and the plotted stress-gtrain
curve, measuxed at corresponding stress ordinastes.

By plotting the stress for the upper load in each cycle sgainst the
permanent set, ag messured by the difference in gtrain meter readings at
the lower load, at the ernd of that cycle, and at the beginning of the
Tirst cycle, a stress-set curve is obtained. The stress-set curve corre-
sponding to the stress-strain relatiomship in figures 4A and 4B is plot-
ted in figure 4C. Experimental values are indicated on the curve. The
extreme upper portion is not shown, owing to the sensitivity of the ab-
sclssa scale used.

The values of straln and permanent set measured for each cycle of
stress willl depend on the time schedule of loading and unloading. In
addition to the change of elastic straln with change of load, positive
creep will occcur at and near the upper load; whereas negative creep will
occur whlle at and near the lower load. In this ilnvestigation, therefore,
the load was held for a period of 2 minutes at the upper and lower limlt

lEach stress value is based upon the load and upon the dimensions
of the specimen at the beginning of the series of cycles.
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in each cycle before straln meter readings were obtained. After this
holding time, as indicated in part II; the creep rate will have reached
a small value. The use of such holding times made it unnecessary to
maintain an ultrasensitive control of the rates of loading and unloading
or to obtain readings at exactly prescribed times. The actual rates were
maintained well within the required limits.

In order to investigate the influence of prior plastic extension on
the stress-deviation and stress-set curves, some rod specimens were ex-
tended plastically by numerous increments to about the point of beginning
local contraction. Correlated stress-strein and stress-set curves were
obtalned with the unextended gpecimen and after each increment of exten-
sion. Some of these increments were large, but others were eguivalent
only to the extension obtained in deteimining the previous stress-set
curve. The distribution of these increments of extension over the range
of prior deformation is termed "extension spacing." After each incre-
ment of extension, the specimen was permitted to rest before determining
the stress-strain and stress-set curves;l the form of such curves will
depend somewhat upon the duration of such a "rest irterval." That cer-
tain changes occur in & test specimen during a rest interval is evidenced
by negative creep during this period. As shown in earlier reports (ref-
erences 1, 2, and T), these changes are greatly accelerated bty a slight
elevation of the temperature during the rest interval.

In later testes, in a study of the influence of plastic deformastion
upon the elastic properties of nonferrous metal tubing and 18:8 Cr-Ni
steel tubing, different laboratory-anneeled speclmens were extended very-
ing amounts, following which single correlated stress-strain and stress-
set curves were measured on each specimen. Thus the influence of vary-
ing extension spacing and rest interval were not factors in these later
tests., 4

2. Accuracy of Determination of Set and Strain Values

Becauss of the change in elastic straein with load, any deviation in
the actual load at which a strain meter reading is taken, from the re-
corded value, will introduce an error in the determination of strain or
set. This deviation will dspend upon the sensibility of reading the
scale of the testing machine and the abllity of the testing machine op-
erator to maintein the load during strain meter readings.

J“S:an:s stress values are based upon the gpecimen cross sectlon at
the beginning of measurement of each stress-strain curve, they will be
referred to in this report as "true" stresses, as distinguished from
"nominal"” stresses based upon the original cross section of the specimen.

13
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A dlscussion of the relative influence of these factors is given in
earlier reports (references 1, 2, and 7). It is there shown that these
errors are negligible, or may be minimized by careful test procedures, so
ap not to mask the influencd of important factors on the elastic proper-
ties of metals. '

IV, THE INFLUENCE OF PRIOR PLASTIC DEFORMATION ON TEE
ELASTIC STRENGTH OF METALS

In studying the elastic strength of metals, as affected by plastic
deformation, attention will be given firet to annealed nickel. The in-
fluence of various factors upon the elastic strength of this metal will
be studied in detail. A comparative study will then be made of the other
metals, '

l. Influence of Plasgtic Extension on the Stress-Set Curve and

the Tensile Blagtic Strength of Annealed Nickel Rod

In order to investigate the tensile slastic properties of fully ar-
nealed nickel rod, a specimen of cold-drswn rod (R) was ammealed at
1400° F (reference 7). Correlated .stress-deviation and stress-set curves
obtained with this specimen (R-14) are shown in figure 5. The stress-set
curves, similar to the curve found in figure 4C, are in the lower row of
the figure. Dirsctly above the origin of each stress-set curve is the
origin of the corresponding stress-deviation curve, similar to that found
in figure 4B.

The origin of each stress-set curve in figure 5 is shifted to the
right a constant interval from the origin of the preceding curve, and has
its own scale of abscissas. Distances between the origins have no rela-
“tlon to this scale. The curves were obtained comsecutively from left to
right, in pesirs, by methods described in part IIT, and with intervening
(varying) amounts of prior plastic extension. Curve 9 of this group is
identical with the stress-set curve in figure 4C.

The prior extensions for individual curves are not indicated in fig-
ure 5. The curves are numbered consecutively, however, and the percent-
ages of prior extension may be found by referring to the correspcndingly
numbered experimentally determined points in figure 7, which is derived
from the stress-set curves in figure 5.

The rest intervels between two series of cycles from which a pair
of stress-set curves were determined, range from 31 to 37 minutes;
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between sepsrate palrs of curves the rest interval was somewhat longer.
The rest interval prsceding each series of cycles from which a stiess-
get curve is obtained is indicabed in figure 5 by the symbol placed at
one or more experimentally determined points on the curve.

From each stress-set curve are derived five proof stress values cor-
responding to total gets of 0.001, 0.003, 0.01, 0.03, and 0.1 percent,
In figure T, these proof stresses are plotted sgainst the corresponding
percentages of total prior plastic extension. Stress i1s plotted onm an
offset scale in order to differentiste the curves for the seversl proof
gete. As indices of elastic strength, the proof stresses based upon
0,001~ and 0.003-psrcent seb probably should receive more consideration
than the proof stresses based on largsr percentages of pormanent set.
The O.l-percent proof stress should be viewed as an indsx of yield
strength rather than as an index of elastic strength.

In each curve of figure 7, the points derived from experiment are
distributed alcng the extension &xls, in pairs, which are separated by
relatively long intervening plastic extensions. BEach pair of points is
derived from a pair of stress-set curves determined with an intervening
plastic extension equivalent only +o that obtained in determining the
first curve of the pair. The alternate long snd short extensions were
mede in order to reveal the influence of the amount of intervening plas-
tic extension on the form of the stress-set and stress-strain curves and
on the derived tensile slastic properties.

The stress-set relationship, as affected by plastic extension, rest
interval, and extension spacing may best be studied by considering the.
derived curves of variation of the proof stresses with prior plastic ex-
tension., In studying this relationship for snmealed nickel, however, 1t
also shall bs of interest to comnsider the interrslationship of the forms
of the derived curves (fig. 7) and the stress-set curves (fig. 5). The
steeper the stress-set curves, the higher are the derived proof stresses.
It should be noted that the oscillations in the curves for 0.00l-percent
prosf stress are usually large and parallel to those for greater values
of set. They are due principally, therefore, to variations in propertles
of the test specimen, not to any lack of sensitivity of the testing appa-~
retus.

The first stress-set curve of each pair (fig. 5) generally is less
steep than the second. This relationship is 1llustrated also by the re-
lative height of the experimentally derived pointe in the diegram (fig.
7). The first point of each palr, with few exceptions, is lower than the
second. Such differences are due partly to the differences in the dura-
tion of the rest interval; the longer the rest interval, ths lower gen-
erally is the corresponding point on the derived dlagram. Tkis lowering
is most prominent during the Firet portion of the rest interval and ls
slight after 1 day. The generally higher position of the second point
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of & palr, however, is due partly to the influence of the extension spac-
ing. .

The oscillations due to the influence of the rest interval and of
the extension spacing are supermosed on curves of variation of the proof
stresses due to prior plastic extension alcne. The latter curves, here-
after termsd "basic curves," would be smooth in form, but cannot be deten-
minsd indepsndently on a single spocimen. The basic curves would be
neaxly pacelliel, however, to curves drewn through the mean position of
‘the oscillations. If the basic curves were drawn in filgure 7, all but
the lowest curves would rise comtinuously, at a gradually decreasing rate.
The basic curve for the 0,00L-percsnt proof stress would not rise contin-
uously, but would have several minima end maxima; it probably has a
glight initlal descent, as illuatrated by the fact that point 3 is lower
than point 1. In later messurements of the tension stress-set curves of
nonferrous metal tubing, individual annealed specimens were extended vary-
ing smounts before test; such derived proof strese extension curves hence
are basic curves devoid of the influence of the rest interval and of the
extengion spacing.

2. Tnternal Stresses and Their Tffects on the Tensile Proof Stresses

The oscillations in proof stress-extension curves may be attributed
to variatlons of one or more kinds of internal stress due to chenges of
extension spacing or rest interval. As. shown by Heyn and Bauer (refor-
ence 11) and Masing (reference 12), the internal stresses induced are of
three kinds. The first, termed macroscovic internal stress, is caused
by nonuniformity of plastic deformation in different parts of a cross sec-
tion. Heyn has devised a method for measuring approximately internal
stresses of this kind. Such internal stress tends to lower the obgerved
elastic strength. The second kind of internal stress, termed hereafter
"microstructural stress,"” is due to initial differences in the resistance
to plastic deformation of variously orlented grains of a polycrystalline
aggregate, and to differences in the strengtlh of diffsrent microconstlt-
uente; when the stross is removed following plastic deformation of the
metal, some of the gralns will be under tensile stress and others under
compressive stress. According to Masing (reference 13) and othore,
microstructural stress is the cause of the Bauschinger Effect (reference
14) and of the "olastic aftereffect,'" better deslgnated as negative creep.
There is sows evidence, however, that the influence of mlcrogtructural
stress lg very similar to that of macroscopic internal stress. The
Bauschinger effsct probably is due largely to the third kind of internal
stress.

The third kind of internal stress described by Heyn and by Masing
is associated with space-lattlice changes involved in work-hardening. Iy
has been shown by Smith and Wood (reference 15) that the plastic exterslon
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of iron causes a three-dimensional expansion which remains after removal
of the stress. This type of internal stress, termed "lattice expansion,"
canniot be wholly removed except by recrystaellization. The authors of the
Present summery are of the opinion, however, that the lattice expansion
diminished somewhat with rest at room temperature. The lattice expansion,
therefore, probably is associated essentially with work-hardening. As 1t
DProbably differs in direction parallel and normal to the directlon of ex-
tension, this directional veriation would account for the Bauschinger ef-
fect.

In future dlscussion, the ungualified term "internal stress” will
signify only the combined effect of macroscopic intermal stress and micro-
structural stress. Thse production of sguch internal stress tends Lo lower
the proof stress. According to figure 7, and from results of iInterrupted
tests on other metals to be described later, moderate to large extensioms
tend to induce internal stress; whereas slight extensions following euch
large reductions tend to remove it. During initial extension of nickel,
the effect of induced intermsl stress also ig evident in an actuael slight
lowering of the 0,001l-percent basic proof stress cuxve.

Lattice expansion tends to cause a rise of proof stress, as evi-
denced by the gemneral rise of all proof stresses with extension of an-
nesled nickel (fig. 7). The osclllations supsrposed on the basic curves
are due to fluctuations of the relative dominent influences of induced
internal stress and lettice expansion. They are most evident in the
lower proof stress curves.

Templin and Sturm (reference 16) show that uninterrupted plastic de-
formation by tensile extension tends to raise the subsequently measured
tensile yleld stresses (0.2-percent offset) Ffar above the compressive
Jield stresses, an evidence of the Bauschinger effect, In cold-drawing,
however, tensile and compressive yield streszes remained equel. Extend-
ing from the right boundary of figure 7 are short lines indicating the
proof stresses obtained upon & specimen of the nickel rod (R) in the
cold-drawn condition (cold-drawn to 60-percent reduction, that is, 150-
percent equivalent extemsion, during msnufecture). Extrapolation of the
five proof stress curves to the right from 35-percent to 150-percent ex-
tension would give proof stress values somewhat higher than those ob-
tained for the cold-drawn nickel rod, an evidence of the Bauschinger ef-
fect.

3. Influence of Plastic Deformation on the Tenslile Elastic Strength

of Nickel Tubing

Nickel tubing (TRF) which hed been cold-reduced T5 to 80 percent in
ares of cross section, and normalized at 500° F during menufacture, was
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poft-annealed at 14500 F, Indlvidual specimens then were extended vary-
ing emounts yanging from 0.5 to 10.0 percent. (See table 3.) Tensile

proof stresses, derived from tensile stress-set curves obtained with these
specimens, and with an unextended annealed epecimen are plotted in figure
8A. The amount of extension, given as equivalent reduction of area, 1s
plotted as abscissa. The experimentally derived points are connectsd by
straight lines. Smooth curves drawn through these polints, howevar, would
not deviate greatly from these lines. With increasing plastic extenaion
(fig. 8a), all ths proof stresses exhibit an initilal decrease followed by
a rise. The rise im more rapid for the higher proof seta.

In figuve 8B are plotted tensile proof stresses measured upon nickel
tubing cold-reduced 10, 20, 30, 40, and 75 to 80 percent, respectively,
during menufacture. The amount of cold-reduction 1s plotted as abscissa.
Symbols denoting the various cold-reduced grades are marked on the dlagram
along corresponding abscissa. (See table 3.) Proof stress values for
the laboratory amnealed specimen (TRF) are plotted at zero equivalent re-
duction in both figures 8A and 8B.

With increasing cold reduction (fig. 8B) the proof stresses show a
general rise, which is greatest between zero and lO-percent reduction.
Values of proof stress for the snnealed tubing and for nickel tubing cold-
reduced 10 percent arc conmnected by broken straight lines because the
course of these curves is least accurately defined in this range.

The intlal decrease in proof stress with extension is probebly due
to the dominant influence of incresse of internal stress; the subsequent
rise of proof stress with extension (£ig. 8A) and the rise with cold re-
duction (f£ig. 8B) may be attributed ohiefly to the influence of the sec-
ond factor, lattice expansion or work-hardening.

Extrspolation of the almost linear 0.03- and 0.10-percent proof
stress curves in figure 8A to 1l0-percent reduction would give values ap-
proximately equal to that obtained with nickel tubing, TRA, cold-reduced
10 percent. Extrapolation of the lower proof stress curves for the ex-
tended tubing would give values lower than those obtalned with the tubing
cold-reduced 10 percent- o S S

4. Tnfluence of Plastic Deformation on the Shear Elestic Strength
of Nickel Tubing
The procedure of measuring shear strain and shear permanent set, us-
ing the optical torsion meter and the pendulum type torsion testing ma-

chine was generally the same as the procedurse followed in the tension
measurements.
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The tubing was as thin-walled as was deemed possible without dangor
of buckling during measurement of strain. The shear stress and strain
increased from the inner to the outer portions of the wall. Assuming
that both stress and strain increase linsarly with distance from the axls
of the tube, the shear stress T at the mean fiber would be given by
(reference 17)

- ﬂg[ R (1)
L st s a(E
(x-2+2(}))
and the shear strain 7y would be given by
L 2L D

where

M applied torgue in inch-pounds
D outer dismeter of tube
t

thickness of tube

[ 1]

mean radlus (D =~ t}
2

e angle of twist in gage length L

Shear stresses and strains computed by formulas (1) and (2) will
not deviate significantly from the true average values, even at large
plastic strains.

Nickel tubing TRF, which had been cold-reduced 75 to 80 percent in
ares and normalized at 500° F during manufacture, was soft-annealed at
1450° F.(See reference 6.) Individual specimens then were extended vari-
ous amounts renging nominally from 0.5 to 10.0 percent, respectively.
These specimens are described in table 3. Shear proof stress values de-
rived from shear stress-set curves measured upon these specimens are
plotted in figure 17A. The amount of exbtension expressed as equivalent
reduction of area 1es plotted as abscisea. The experimentally derived
points are connected by straight lines. A smooth curve drawn through
the experimentally derived points would not deviate greatly from these
lines. With increasing extension the 0.1l- and 0.03-percent shear proof
gtresses show a slight initial rise; the lower proof stresses exhiblt
an initial decrease. At greater extensions all proof stresses rise;
this rise is most rapid at the greater values of set. Figure 17B shows
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shear proof stresses obtained with nickel tubing cold-reduced 10, 20, 30,
40, and 75 to 80 percent during manufacture. The amount of cold reduchion
in cross section is plotted as abacismea. The symbols denoting the vairi-
ous cold-reduced grades are marked In the diagram along corresponding
absclssa, Proof stresses for the fully amnealéd nickel specimens are
plotted at zero equlvalent reductlon of area in both figures 174 and 17B.
Solid lines connecting the points representing the varlous cold reductions
would correspond closely to the actual varletion of these proof siresses.

The initisl decrease of the lower proof stresses with extension of
the annealed metal (fig. 17A) probably is due to an increase of internal
stress. The subsequent rise of proof stress with extension (fig. 174)
and the rise with cold reduction (fig. 17B) may he attributed to the
lattice-expansion factor. '

5. Influence of Plastic Deformation on the Elastic Strength of
Monel, Aluminum-Monel, Inconel, and Copper

The variation of tensgile proof stress with prlor plastic extension
as determined upon a specimen of cold-drawn mcnel rod, soft-annealed &t
1400° F (G-14) 1is shown in figure 9. (See reference 2.) The methods of
testing, with intervening (varying) extensions, were simllar to thoso em-
ployed upon nlckal specimen R-14. These teste are described at length in
an earlier report. (See reference 2.) The heat treatment—is described
in table 2. ' ’

A series of cold-reduced monsl tubular specimens TGE was soft-
annealed at 1400° F and was then extended a chosen amount, which ranged
from 0.5 to 10 percent. Figure lOA shows the variation of the proof
stress with equivalent reduction, as obtalned from single tests on each
of the extended annealed specimens.

Figure 10B ghows the tensile proof stresses for the various cold~-
reduced grades of monel tubing, plotted against—the amount of cold reduc-
tion. Values for annealed monel TGE are plotted atzero reduction in
sach dlagram, The specimens used in deriving figure 17 are described in
table 3. ’ C ’ T T

With tensile sxtension (figs. 9 and lOA), the proof stresses gener-
ally exhibit an inltial small decrease, followed by a rise; this riee ls
most rapid for the higher proof stresses.  With cold reduction (fig. 10B)
all proof atresses rise continuously. The initlal decrease may be at-
tributed to the Influence of induced Internal strees. The subsequent
rise with tenslile extension and the rise with cold reduction probably are
due to lattice expansion, that is, work-hardening.
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Figure18A shows the variation of shear proof stress with equivalent
reduction as measured by single tests upon each of = serles of cold-
reduced monel tubular specimens TGE, which were soft-amnesled at 1400° F
and then each extended a different amount befors test. FigurelBB shows
the variation of shear proof stress with cold reduction for the several
grades of cold-reduced monel tubing. These tests were described in an
earlier report. (See reference 6.) The specimens tested are described
in table 3. With extension (fig.184), there occurs an initial drop in
all shear proof stresses owing to dominance of induced internmal stress.
This is followed by a rise, due to dominance of lattice expansion. The
rise with increasing cold reduction in Pigure 18B is likewiss ascribed
to lattice expansion. . _

With extension of annealed aluminum-monel tubing, THD (fig. 11A),
the tenslle proof stresses exhibit an initial decrease followed by &n
increase. The variation is similsr to that obtained with extension of
annealed monel rod (fig. 9) and tubing (fig. 10A). With increasing cold
reduction (fig. 11B), all proof stresses for this metal rise. Values
for the laboratory- and factory-annealed tubing are plotted at zero
reduction of area; broken lines comnnect these points with points repre-
genting the smallest cold reduction. This diagram is similar to that
obtained with monel tubing (fig. 10B). : o . -

The shear proof stresses first decrease and later increase, with in-
crease of extension of amnealed aluminum-monel.tubing THD as shown in fig-
ure 19A. (See also reference 6,) With cold reduction of aluminum-monel
(fig. 19B), all shear proof stresses rise. Values for the leboratory-
and factory-annesled specimens are plotted at zero reducticn; broken
lines connect these points with points representing the smallest cold
reductions. These dlagrams are in many respects similar to those ob-
tained upon nickel tubing (fig. 17).

The variation with extension of the tensile proof stresses of a

single Inconel rod specimen (L), cold-drawn and annealed at 1750° F, is
shown in figure 12. (See also reference 2.) Figure 13 shows the vari-

ation of tensile proof stress with extension of Inconel tubing TLD,
annealed at 1750° F, and with cold-reduction of Inconel tubing TL as
measured upon & series of single specimens prepared in a manner similar
to that employed in the tests on nickel, monel, end aluminum-~-monel tub-
Ing. The rod specimen L-17.5 is described. in teble 2, the tubular spec-
imens in table 3.

With tensile extension of annealed Inconel (figs. 12 and 13A),
there is exhibited an initial decrease in all tensilé proof stresses,
followed by a rise similar %o that found for monel and aluminum-monel.
With cold reduction (fig. 13B), all proof stresses rise. Values for
the laboratory-snnealed specimens lie somewhat above those for the
factory-annesled product. This differsnce possibly is due to a
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stralghtening operation given this metal following factory annealing,
thereby inducing some inteimal stress. The initial decrease of proof
gtress with extensicn can be attributed to induced internel stress; the
subsequent rise with tensile extension and the rise with cold reduction
may be attributed to lattice expansion.

With increase of teneile extension of soft-annealed Inconel tubing
TLD (fig. 20A), the shear proof stress exhibits an initial decremse fol-
lowed by a rise, simllar to that obtained with other metals. With in-
crease of cold reduction of Inconel (fig. 20B), the shear proof stresses
rige in & wsnner similaer to that obtained with aluminum-monel metal (fig.
19B). Values for both the laboratory- and factory-annealed specimens are
plotted at zero reduction of area, and broken lines connect these points
witli points representing the smallest cold reductions. The actual vari-
ation of the shear proof stresses over this range may deviate appreciebly
from such an indicated linear relationship. The s0lid lines connecting
the polnts representing the various cold reducticns would correspond more
nearly to the actual variation of these proof stresees.

A specimen of cold-rolled copper rod N was annealed at 600° F
(references 2 and 7), according to the treatment given in table 2, Cor-
related tensile stress-strain and stress-set curves were obtained upon
this specimen at intervals between extension increments, similar to the
method employed with annealed nickel, monel, and Inconel rod.

In figure 1LkA is shown a plot of tensile proof stress versus the
amount of prior extension of the annealed copper rod N-6. All proof
stresses exhibit a rise with .extension. The proof stress values for
0.001- and 0.003-percent set, however, oscillate somewhat about their
mean positlons, in a menner similar to that obtained with extension of
other annealsd rod materials. Lattice expansion or work-hardening evi-
dently dominates throughout this rise.

In figure 14B is shown the variation of proof stress with extension
for cold-rolled copper rod N (references 2 and 7). This material had
been reduced 75 percent in area of cross section (300-percent equivalent-
extension) during manufacture, without intermediste anneal. This dia-
gram is typical of that obtained with extension of severely cold-worked
metals. An initial small extension produces a large rise of proof
stress, especially for the lower values of set, dus to relief of internal
stress induced during the cold-rolling. With succeeding esmall extensions,
the lower proof stresses oscillate over wide ranges. As the extension at
maximum lcad 1s swall, about 1 perceat, negligible work-hardening would
occur up to this point. Extended discussion of the influence of exten-
sion upon the proof stresses of mmny cold-worked metals is found in the
earlier reports (referehces 1, 2, and 7).
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6. The Effect of Plastic Deformation on the Elastic Strength
of Two Stainlesa Steels -

Two types of chromium-nickel stainless steels were studied in this
investigation. One steel; composed principally of 1l3-percent chromium ~
and about 2-percent nlickel, 1s a heat treatable stainless steel possoss-
ing decp hardening characteristics. (See reference 2.) The tensile-
elastic propertliesg were obtained of this gtesl in its softest comditionm,
and also after air-cocling from 1750° F and tempering at various temper-
atures, followed by furnace cooling. The softest condition is obtained
by holding at a temperature of about 1260° F, followed by furmece cool-
ing. This material was obtained from the manu:acturer in the softest
condition.

The other sfteel studied was 18:8 chromium-nickel steel. This alloy
usually is austenitic at room tempsrature although gtructural changes may
occur at low temperatures or from long exposure to elevated temperatures.
Commercial hardening is gencrally nroduced by cold-work. It may be sof-
tened by water guenching from above 1800° F. This high temperature is
used in order to prevent intergranular precipitation of carbides. An ex-
tended investigation hes been carried on with this alloy in both the an-
nealed and cold-worked conditions, and for several different compositions
(references 1 and 2). A specimen of the soft "as-received" 13:2 Cr-Ni
stesl rod was extended by small stages to the begimning of local contrac-
tion; aefter each of the stages, correlated stress-strain and stress-set
curves were determined. (See reference 2.)

Figure 15 shous the variation with extension of the tensile proof
stresses of this material. With extension, all proof stresses show an
initisl sharp rise. At greater extensions, the proof stresses for the
smaller values of permanent set oscillate between high and low values;
the low pcinte generally correspond to the larger prlor rest intervals.
At verious stages of the test, the specimen was loaded cyclically be-
tween 1000 and 80,000 psi, ncminal stress, Ilmmediately preceding a
stress-set curve. Ths proof stress values obtained from such curves ars
indicated by diamond-shaped symbols in the disgram. These generally are
at high pointe in figure 15; whereas low values genserally are found fol-
lowing long rest intervels., The basic proof estress-extemsion curves
would tend to rise continuously with extension. -

The genersl rise of proof stress may be attributed to work-hardening.
Part of the oscillation is due to variation of induced intermal stress.
However, high values of proof stress generally follow short rest intervals

1The nominal stress, as differentiated from the true stress, is cal-
culated by dividing the lcad by the criginal cross sectional gage srea of
the specimen.
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because appreciable negative creep was not permitted to occur after the
preceding stress cycle; this, in turn, tends to diminish the amount of
positive creep during measurement, especially at the lower values of set.

A specimen of 18:8 Cr-Ni steel rod IM, which had been cold-drawn
to a moderete degree (designated half-hard) was water-quenched firom
1830° F in order to place it in its softest condition. (See reference 2.)
Details of heat treatment are given in table 2. Stress-strain and stress-
set curves were then obtained with this specimen (DM-18.3) as annealed,
and at intervals between successive stages of extension, in a manner sim-
iler to the tests on otheir rod specimens.

With prior extension, the 0.1-, 0.03- and 0.0l-percent proof stress
curves (fig. 16) show a continuous rise. The 0.003-percent proof stress
curve also exhibits a slight rise, although this rise is nearly masked by
the wide fluctuation of values. The 0.00l-percent proof stress curve
riges during early extension but exhibits no rise at greater extensions;
1t likewise fluctuates appreciably. Otherwise, the curves are similar to
those obtained upon other metals. Apparently lattice expansion predomi-
nates during early extension, as evidenced by a steady rise ofproof
stress. The wide fluctuations of proof siress give evidence of large va-
rietions of intermal stress superimposed upon the normel effect of dif-
ference in rest interval.

In earlier tests, not described here (references 1, 2, and T), upon
cold-drawvn 18:8 Cr-Ni steel, as well as on other cold-drawn metals, it
was found thet extension of these specimens gave fluctuations of proof
stress appreclasbly greater than those obtained during extension of an-
nealed metal. This Indicates a wider varilation of intermal stress in
the cold-worked metal.

Slight prestretcohing of cold-worked specimens of btoth nonferrous
metaly and stainless steel generally gave some elevation of the several
proof stresses, owing o relief of internal stress.

In an investigation not connected with this project, the authors
gtudied the effect of prior plastic deformation on the tensile proof
stresses of annealed 0.O4k-percent carbon steel. (See reference 7.) The
forms of the basic curves, and the fluctuations due to rest interval and
extension spacing were similar to those obtained with the nonferrous
metels and chromium-nickel steels studied here. It was found, however,
that the intermittent method of measuring series of stress-strain and
stress-set curves on those steels produced appreciable age-hardening
addltional to that obtained in ordinary tension tests to fracture.

Next to be considered is the effect of plastic deformation on the
shear elastic strength of the 18:8 alloy. A number of specimens of
cold~drawn 18:8 Cr-Ni steel tubing TC were water-quenched from 1900° F
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and éach ‘then extended = differeut amount, ranglng from O 5 to 20 perwent,
respectively. ' A description of these specimens is given in table 3.
Shear stress-strain and stress-set curves were measured uron each speci-
men and upon an unextended annealed specimen. . :

Figure 21 shows the variation of shear proof stress with prio1~ plas-
tic extension of amnealed 18:8 Cr-Ni steel tubing TC-19. The 0.1-, 0.03-,
and G.0l-percent shear proof stresses rige continnously wilth extension.
The curve for 0.00l-percent set, however, decreases to a minimm for
spiall values of extension and rises only slightly with subgequent extenf
gion, These variations sre qualitabively similar to those obtained in

the curves of tengile proof stress for some metals.

The increase of internal stress with extension probably predominates -
in causing the initial decrsase of the 0.001-percent proof stress. The
rise with extension of the remaining proof stresses may be attributed to
the dominant influence of the lattice-expansion factor. Since separate’ o
specimens were used, theee curves are devoid of the fluctuation due to in-
fluence of extension spacing and rest interval .

A number of other tests were also made upon factory anrealed, helf-
hard and herd grades of 18:8 Cr-Ni. steel tubing, in order to determine
the effect of prior torsion upon thelr sheer elastic propertiee.

The influence of prior plastic torsion wag found to be in many re-
spects similar to the effects of prior extension; these results are given
in an earlier report. (See reference k4.) .

T. Various Strength Indices for Nonferrous Metals
and ChromiumpNickel Steels

From the proof stress velues. enumerated above may be evaluated the
"proof-gtress ratio," and the tensile and shear work-bardening ratee."

The proof-stress ratio may be: defined ag the ratio of tensile to
shear "yileld stress." In figure 22, this ratio for 0.1-percent smet is
plotted against the smount of cold. work received, expressed as reduction
of area, for the various nonferrous tubular metals. Thisg ratio may be
consldered only as an empirical value, because equivalent nominal (0.1
percent) sets in tension and shear are not directly comparable. On the
left gide of the diagram are found values obtained with anneasled tubing,
in the center values for cold-drawn tubing, end on the right for tubing
work-hardened by the tube-reducer method. (See table 3.) Generally
lower values of this ratio are obtained in the-middle xange of the re-
ducticn of area. The high values obtained with nickel and mcnel at T75-
percent reduction of area (300-percent equivalent extension) might be
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aggoclated with dirvectional effects due to preferred crystal orientation
in these metals. (See pt. VI of this paper and references 2, 4, 6, and
7.) Factory ennealing of aluminum-monel and Inconel tublng gave lower
values for this ratio than did laboratory esnnealed tubing.

Another important index is the work-hardening rate, as represented
by the ratio between the yield stress after slight plastic extension and
the initial yleld stress, for the soft-annealed metal. Such indices have
been obtained from curves for the O.l-percent proof stress by determining
the ratio between the proof strese at 3-percent egquivalent reduction
(3.1-percent extension) and the initial proof stress, Values obtained
from tensile and shear proof stress curves are given in table 5 for rod
and tubular materials.

It will be noted that the highest work-hardening rate for nonferrous
metals is obtalned in tension with copper rod, followed in order by
nickel, Inconel, monel, and aluminum-monel, In shear, the highest rate
is obtained with nickel, followed in ordexr by monel, Inconel, and
eluminum-monel. For nickel, the tensile work-hardening rate is greater
for the tubular then for the rod material; for Inconel the rod material
has the larger rate. These differences, however, are too small to be
significant. The work-hardening rate for nickel 1s somewhat greater in
shear than in tension; for sluminum-monel and Inconel the tensile work-
hardening rate is slightly larger. Monel gives work-hardening rates
which are nearly equivalent for the various testing methods used; this
is likewime true for 18:8 Cr-Ni steel.

V. INFLUENCE OF ANNEALING TEMPERATURE ON THE ELASTIC STRENGTH OF METALS

Annealing of cold-worked metals at temperatures below the recrystel-
lization range will sometimes produce an lmprovement of elastic proper-
ties above those obtained on the unannealed metals. In order to deter-
mine the variation of proof stresses over the whole annealing temperature
range, individual specimens of each of the geveral cold-worked metals
were anneeled at different temperatures distributed over this range, be-
fore messuring stress-strein and stress-set curves. First, a detailed
study will be made of the effect of annealing temperature on the elastic
strength of cold-worked nickel, followed by comparative studles of other

metals.
1. Influence of Annealing Temperature on the Tenslle
Elestic Strength of Nickel Rod and Tubing

Figure 23A shows the variation of tensile proof stress with anneal-
ing temperature for nickel rod R, cold-drawn 60 percent in reduction
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of ares during manufacture. The heat treatments of the various rod spec-
imens are described in table Z. Smooth curves have been drawn through
the mean positlons of the points.

With increase of annealing tempeirature, all proof stresses riss,
reaching a meximum at about L0O0® F for the 0.l10-percent proof stress, and
at about 500° F for the remaining proof stresses; the rise of the 0.10-
percent proof stress is the slowest. With further increase of annealing
temperature, the tensile proof sfresses decrease; the maximum rate of de-

crease is between 1100° and 1200° F, that is, in the recrystallization
range. The position of the 0.00l-percent proof stress curve is not well

defined because the error of estimation of this value is evidently quite
large. The initial rise may be attributed to relief of deleterious in-
ternal stress, the subsequent decrease to the removal of lattlce expan-
slon and to recrystellization. :

In figure 24B is shown the variation of tensile proof stress with
annesling temperature for nickel tubing TRE, cold-reduced 75 to 80 per-
cent. Proof stress values cbtained upon a soft-anneeled specimen TRF are
replotted from figure 8 at 1450° F. A deecription of the heat treatmente
of the various tubular specimens is given in table 3.

With incresse of annealing temperature, all p¥oof stresases rise,
reaching a maximum at about 900° F, for the 0.00l-percent proof strese
and at 700° F for the remaining proof stresses; the rise of the 0.l-per-
cent proof stress is very slight, With further lncrease of temperature,
all proof stresses decrease and the decrease is at a maximum rate be-
tween 1100° F and 1200° F, This diagrem is somewhat similar to that ob-
tained for cold-drawn nickel rod (fig. 23A).

2. Influence of Annealing Temperature on the Shear Elastic
Strength of Nickel Tubing

In figure 28B is shown the variation of the shear proof stress with
annealing temperature for nickel tubing. (See reference 6.) These val-
ues were derived from tests on a series of specimens of cold-reduced
nickel tubing TRF, which had been reduced T5 %o 80 percent during manu-
Tfacture and annealed in the laboratory at various temperatures. Values
obtained upon an unannealed specimen are plotted at 100° ¥ end those for
a soft-annealed specimen TRF are replotted from figure 1T atb 1450° F.

With increase of annealing temperature there is a continuous de-
crease of shear proof stress; this decrease is most rapld between 1100°
end 1260° F. This decrease may be attributed to the dominant influence
of relief of lattice expansion, and to recrystallization.
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3. Influence of Annealing Temperature on the Elastlc Strength of Monel,
Aluminum-Monel, Inconel, and Copper

Figure 23B ghowsg the variation of tensile proof stress with anneal-
ing temperature for. cold-drawn monel rod G (reference. 2); figure 24A
glves a simllar diagram for cold-reduced monel tubing TGD. With increase
of annealing temperature, the proof stresses rise, reaching a maximum at
500° F for the 0.l-percent proof stress, and at higher temperatures for
some oi' the lower proof stresses. The subsequent decrease in proof
stress 1s most rapid sbove 1100° F for monel rod (fig. 23B), and above
1200° F for monel tubing (fig. 24A).

The initial rise in proof stress may be atiributed to the prodomi-
nant influence of relief of internesl stress, the subsequent decrease to
removal of lattice expension and to recrystallization. Although tubing
TGD had received nominally the same cold work as had rod G, +the latter
shows a somewhat grester value of the O.l-percent proof stress. Possibly
equlvalent reduction by different wmethods willl not produce eguivalent
work-hardening. This apparent aneuwoly, however, may also be partly ex-
plained by differences in compositlion. A greater hardness of the rod ma-
terial is also indicated by its lower recrystaliization temperature range
(above 1100° F). In meny recpects the tensile proof stress curves are
gimilar to thome for nickel.

Figure 28A showe the variation of shear proof stress with annealing
temperature, for cold-reduced monel tubing TGD. (See reference 6.) The
forms of these. curves are in many respects similar t6 the curves for ten-
sile proof stress for this metal (figs. 23B and 24A). The shear proof
stresses, as would be expected, are nominally much lower than the tensile
proof gtresses. : : : '

With increase of annealing temperature for aluminum-monel metal tub-
ing TH (fig. 25B), there are obtained maxima in the various tensile proof
stresses, ranging from 10000 to 1075© F, There are also lower maxima in
the tempersture range 400° to 600° F, The upper maxima are due to pre-
cipitation-hardening, the lower maxima to relief of internal stress. All
proof stresses drop rapidly for annealing temperatures above 1075° F,
owing to the recrystallization.

With increase of the temperature of annealing aluminum-monel tubing
(fig. 29B) there are obtalned two maxima in the shear proof stress curves.
(See reference 6.) The first and lower maximum due to internmal stress
relief, is obtained in the range 400° to 500C ¥, The second and higher
meximum is obtained at 1075° F and is attributed to precipilitation harden-
ing of this alloy. At temperatures above 1075° F the shear proof stress
drops rapidly, owing to recrystallization and to removal of lattice ex-
pansion.
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Figure 26A shows the variation of the tensile proof stresees with
annealing temperature for cold-irawn Incomel rod L. (See reference 2.)
One unannsaled cold-drawn specimen was tested shortly after manufacture
of this material; & seccnd was tested 40 months later. The time interval
between receilpt of the metal and the amnsaling of the speclmens was from
26 to 39 months; between the receipt and the testing, the interval was 32
to 41 months. Results from tests on both specimens are vlotied on the
diagram. Smooth curves have been feired through the exverimental points.

The 0.l-percent tensile proof stregs value obtained in the early
test on cold-drawn metal is sowmewhat greater thar eny other value on the
diagram. The 0.001- and 0.003-percent proof stress values for this spec-
imen, however, are scmewhat lower than those obtained with the cold-drawn
specimen tested 4O months later. Consideration of the values obtained in
the early test will be deferred until after consideration of the remgindar
of the diagram, All proof stresses rise with increase of snnealing tem-~
berature up to 800° F; at higher temperatures the groof streases drop
continuously. The most rapld drop is between 1100~ ard 1400° F. The
initial rise of proof stress is attributed to rellef of internal strees,
the subsequent lowering to the removal of lattice-expansion effects and
to recrystallization.

Apperently, the Inconel rod, as-received, had been severely cold-
drawn, and probably contained considerable internal stress. The 40-
month storage period probably cauvsed a partial relisf of internal stress
and likewisge a partial removal of lattice expansion. Tkis rellef of
internal stress produced the increase of the 0.001l- and 0.003-psrcent
proof stresses; whereas the removal of lattice expansicn produced the
decreage of the 0.1- and 0.03-percent proof stresses.

With increase of temperature of emnealing cold-reduced Inconel tub-
ing TIC (fig. 25A), there are obtained maxima in the tensile proof stress
curves between TOO® and 1100° F. The rise to these maxima may be attrib-
uted to relief of internal stress; the subsequent lowering to removal of
lattice expansion.

With increase of the temperature of annealing cold-rsduced Inconel
tubing TIC (fig. 29A), up to 600° or 700° F, there i& & riseé ©f shear
proof stress; the subsequent decrease is most marked between 1100~ and
1300o F. This dlagrem is similar to those obtained with nickel and
monel tubing (fig. 28).
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b, Influence of Annealing or Tempering Temperature on the
Elastic Strength of Chromium-Nickel Stainless Steel

Figure 26B shows the variation of the tensile proof stress with tem~
pering temperature for 13:2 Cr-Ni steel. (See reference 2.) Details of
the heat trealments are given in table 2. Values obtained upon the spec-
imen tested as-recelved are plotted at 1260° F. Curves are feired
through the mean position of the points; because of the fluctuation of
values, the positions of such curves must not be ccnsidered exact.

With increase of the tempering temperature, all proof stresses rise,
reaching & maximum near 700° F, With further temperature increase, the
proot stresses decresse to a minimum between 1300° and 1400° F, and then
increase somswhat with rise in temperature up to 1750° F. It is there-
fore seen, that even with a controlled decelerated rate of furnace cool-
ing from above 1400° F, gome hardening of the material occurred. This
material can be softened only by holding slightly below the transforma-
tion tempersturs.

The initial rise of proof stress with tempering temperature is due
to relief of internal strees, the subsequent lowering is due to recrys-
tellization. Internal stress evidently is produced even with air-
hardening. :

Some specimens of half-hard 18:8 Cr-Ni stesl rod DM were annealed
at various temperatures ranging from 500° to 1025° F for 1/2 hour. (See
reference 2.) Another specimen was annealed for U4k hours at 482° 7
(250° C). Details of heat treatments are given in table 2. Corxrelated
stress-strain and stress-set curves were measured on each specimen, The
variation of prcof stress with annealing temperature 1s shown in figure
2TA. Values for the unextended, annealed specimgn DM-18.3 are plotted
at 1830° F and for an unannealed specimen &t 100 F. Curves are faired
through the mean positlons of the points.

With increase of annsaling temperature, there is a marked rige of
proof stress, reaching a maximum between 800° and 900° F. Ko date were
obtained for specimens annealed between 1025° and 1830° F; however, the
curves have been drewn in this region according to the variation gener-
ally obtalned with this alloy, so as to exhibit a rapid decrease between
1025° and 1300° F. The initial rise is due to relief of internal stress,
the subsequent decrease to rellef of lattice expasnsion and to recrystal-
lization., Annealing at 482° F for an extended period gave little greater
proof stress values than those obtained by the Short-time anneal at
500° F. This result appears to indicate that greatly increasing the an-
nealing time has not produced any gain in elastic strength.

Other tests discussed previously (reference 2) show that prestretch-
ing of stress-relief annealed 18:8 Cr-Ni steel specimens gave slight
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inmprovement in proof gtresses, additioral to that obtained by the anneal-
ing treatment; thls Indicated that all internal stress was not relieved
by such snnealing treatment. Such an improvement of proof stress was not
gonerally obtained with siight prestretching of stress- relief annﬁaled
nonferrous metals.

In studying the elastic properties of 18:8 Cr-Ni steel, some tests
were made at sub-zero temperature, in order to determine the effect of
varlation of htest temperature on the tensile elastic properties. For
this purpose & series of half-hard 18:8 Cr-Ni steel rod specimens, I,
were amnealed at 500°, 700°, 900°, and 1830° F for 1/2 hour, as
indicated in t%ble 2. gese specimsns and an unennealed specimen were
tested at -110° F (-78.5° C) according to methods described in an ear-
lier report. (See reference 3. ) The extensometer and insulsted chamber
used are shown in figure 2.

Pigure 27B shows the variation of the low tempersture tensile proof
stress with annealing temperature for this alloy. Comparison with fig-
ure 27A for room temperature tests indicates that the curves are simllar
in form, but generally give somewhat higher prcof stresses. 4 similar
rise of proof stress with decrease of test temperature was also obtained
upon & severely cold-drawn 18:8 Cr-Ni steel rod. (See reference 3. )

Figure 30 shows the variation of the shear proof stress with the
temperature of annealing cold-drawn 18:8 Cr-Ni steel tubing TC as
measured at room temperature. There is a rise of shear proof gtress
with increasse of annealing temperature up to 900° P, owing to induced
internal stress. At higher temperatures, the shear proof stress de-
creages, the most rapid drop occurring near 1300° F. The approximate
course of the curves in the rangs 1300° to 1900° F have been indicated
by broken lineg; no specimens were annealed in this interval. The sub-
sequent drop of proof stress may be attributed to relief of lattice ex-
pansion and to recrystallization,

VI. INFLUENCE OF PRIOR PLASTIC DEFORMATION ON THE MODULUS OF ELASTICITY
AND ITS LINEAR STRESS COEFFICIENT FOR VARIOUS METALS
1. Influence of Plastic Extension on the Stress-Deviation Curve
and. Derived Indices for Annealed Nickel Rod
An incomplete view of the elastic properties of a metgl 1s obtained
by congldering only its stress-set relationshlip. Consideration should be
given also to the influence of streas on the accompanying total strain

and on the elastic strain. These relations are revealed by the stress-
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deviation curves for nickel and by derived curves and indices. A compar-
ative study later will be made upon other metals.

Stress-deviation curves for ammealed nickel rod R-14 are shown in
the upper row of figure 5. Curve 9 of this group is ildentical with the
stress-deviation curve in figure 4B. On some of these curves, as well as
on scattered stress-deviation curves for some other metals (not given in
this report), are plotted strain values at stresses other than those
corresponding to upper loads in the varicus stress cycles. The addition-
al date were obtained following pauses of 2-minute duration at these
stresses during the increase of losd in the various cycles. They per-
mitted considerable additional date to be swcured, without greatly ex-
tending the test time. These mdditionsl mtrain values shown in figure 5
are not replotted in figure 4, although they were employed in drawing the
uncorrected stress-strain and stress-deviation curves.

The solid line (corrected) curve in fiwure 4B is obtained by sub-
tracting from the broken line curve, the amounts of permanent set at the
same stress values in the curve in figure 4C. The solid line curves in
the upper row in figure 5 are similarly obteined by using the adjucent
brokem-line mtress-deviation curves and the stress-set curves immediately
below. :

Sinoe the lines are plotted as deviation from a fixed modulus
(Ea = 32 X 10° psi) on an open scale, the strain scale is sensitive
enough to reveal a curvature in most of these lines. The assumed modulus
value selected causcs some of the curves to show an inltial backward tilt.
There 1s a tendency for the first curve of a palr to be steeper than the
second. From the shape of these curves, it la eppsrent that the modulus
of elastlclty decreases continuously with increase of stress. The secant
modulus, given by the ratio of the stress to elastic strain, 1s used to
study the variation of the modulus with stress, and with prior plastic
extension. '

Figure 4B illustrates the method of calculating the secant modulus
from the corrected stress-deviation curve, In order to calculate the
gecant modulus at 25,000 pei, a straight line 1s drawn from the origin
A through the intersectlon B. This line extended, intersects the
32,000-psi ordinate CD at XE. The distance CE may be used to compute
the modulus as follcws: The sbrain corresponding to & modulus of
32 X 10° pei at & stress of 32,000 pei would be 0.l percent, The dis-
tence CE hes a value of 0.01l2 percent. The secant modulus at 25,000
peil would therefore be equal to 32,000 divided by 0.00112, that is,
28.53 million psi. By repeating this procedure of measuring the projec-
tion on line CD of lines intersecting the stress-deviation curve at
various selected stresses, the variation of the secant modulus with
atress can be evaluated.
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Graphe of variation of the secant modulus of elasticity with stress,
derived from the corrected stress-deviation curves in figure 5, are shown
in figure 6. The lines are numbered comsecutively in each figure to cor-
regpond to the stress-deviation curves from which they were derived.

Fach stress-modulus line hasg been shifted to the right from the preceding
line, and has been given a separate abscissa scale; the scale of absclssa
is Indicated. Abscissas readlng from left to right represent values of
the gecant modnlus of elasticity (in million pounds per square inch).
Ordinates represent stress. The points on the curves in figure 6 corre-
spond to the selected points on the corrected stress-deviation curves at
vwhich the modnlus waes computed, not to astresses at which strains were
observed., The prior plastic extemsion gorresponding to each stress-
modulus line is indicated in the derived dlagram (fig. 35) at the corre-
spondingly numbered point.

In the consecutive geries of stress-modulus lines for fully anunealed
nickel rod (fig. 6) lines 1, 3, 4, 6, 7, and 8 are curved throughout
their extent. Lines 2 end 3 are curved only at the higher valuss of
stress. The other lines in the figure are spproxinately straight. The
prior plastic extension beyond which all stress-modulus lines are
straight 1s about 4 percent (fig. 35). t will be shown later that many
annealed metals give straight stress-modulus lines only after being ex-
tended somewhat.

The modulus of elasticity at zero stress (Ep) may be determined
directly from the stress-modulus line by extrapolating the llne to zero
stress. When the stress-modulus line 1s straight, the variation of the
socant modulus (E) with stress (S) may be represented by

E=Ep (1 - Cos) (3)

where CQp represents the linear stress coefficient of the secant mod-
ulus. When the stress-modulus line is curved from the origin, the
squation would include terms conbtaining higher powers of S. In earlier
reports (veferences 1, 2, 4, and 7) a second coefficlent C!, of the
square of S was evaluated. Since the curved stress-modulus linee gen-
erally do not represent true guadratic equations it has been considered
desiraeble to evaluate the modulus at zero stress Ep, the linear streas
coefficient of the modulus at zero stress, CQ, and the modulus at one
or more elevated values of stress. It should be noted that same of the
curved stress-modulus lines for nickel glve a value of zero for Cg.

When a stress-modulus line is straight the corrected stress-strain
curve would be represented by

.5
€= 88 = s ()

33



NACA TN No. 1100

where ¢ 1s the corrected strain. Since the correction texrm CpS is
generally small compared with 1, equation (2) may be written

¢ = (1/B0) (S + Cos®) (5)

the equation for a quadratic parvebola. For emneasled nlckel extended
more than 4 percent, therefore, the stress-strain line evidently would
be a quadratic parabola; et smaller prior extenslons the line would be a
curve of higher order.

The diegram in figure 35 has been derived from values of Ep, Co,
and. the modulus at 30,000 psi, E,, Abscissas represent percentages of
prior plestic extension. The ordinate scale for values of the modulus of
elagticity ie given on the left-hand border, and for the linear sitress-
coefficlent, Cp, on the right-hand horder.

The experimentally determined points in flgure 35 are numbered to
correspond to the consecutively numbered stress-modulus lines in figure
6, and to the consecutively numbered stress-deviation lines in figure 5.
The points in figure 35 give a curve consisting of oscillstions super-
posed on & smooth basic curvse (not shown). The oscillations in the curve
for Cp 1s generally gualiltatively similar to those in the curve of Eg,
and ig due to varietions of extension spacing and rest interval. The
more abrupt of the oscillations in figure 35 generally are assoclated
with opposite oscillations in the proof stress-extension curves for this
specimen (fig. 7). This is in accordance with the fact that tho differ-
ence In steepuness of the corrected stress-deviation curves of a pair
generally ies associated with an opposite differonce in steepness of ths
corresponding stress-set curves. Increase of ithe rest interval appar-
ently tende to decrease the slope of the stress-set curve and to increase
the initial slope (Ep) and curvature (Co) of the corrected stress-devi-
atlon curve. The basic curve for EQ is indlcated quelitatively in fig-
ure 35 by the dotted line. The basic Co and E,, curves are so clear-

1y indicated by the sequence of experimentally determined points, that
no dotted curves are needed.

The basic E0 curve (fig. 35) first descends repidly at a decreas-
ing rate and reaches a minimum at slight plastic extension. With fur-
ther extension, the curve rises rapidly above the value at zero plastic
extengion and continues to rige at a gradually decreasing rate. At the
beginning of local contraction (35-percent extension), the Eop curve is
still rieing slowly, and 1s considerably higher than at zero plastic ex-
tonglon. The value of EQ at beginning lccal contraction is about the
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seme as that for the severely cold-drawn nickel, R (fig. 35)% Curve
Ez, rises steadily at a decreasing rate, over the indicated rangs for

which it could be measured. Curve Cp rises rapidly in a manner sim-

liar to the Eg curve, between points 7 and 9. Beyond point 9, however,
Co descends at a decreasing rate. : ' S
The variation of the modulus of slasticity and its linear stress
coefficient, ©Cg, with plastic deformation or with heat treatment, is
determined by the relative influence of certain fundamental factors:
namely, (a) internal stress, and its dietribution over the possible slip
plane directions, (b) lattice expansion, and (c) preferred orientation.
An extended discussicn of the influence ol these three factors is given
in earlier repcorts. (See references 2, 4, and 7.) Induced internal
stress tends to cause & rise in the tensile (Ep) or shear (Gg) moduli of
metals. The magnitude of this effect, however, 1s determined by relative
directions of the planes of maximum shear during prior deformetion, and
during subsequent modulus measursments; the effect wlll be greatest if
the directions are parallel. The linear stress coefficlent Cp will
likewise increase with increase of the Induced internal stress. :

Lattlice expansion, or work-hardening, tends to cause lowering of the
tension and shear modull. It apparently 1is not directional in its effect,
desplite the earlier surmlse that a possible difference in the amount of
lattice expansion exists in directions normal to each other. ILilkewiee,

Cp tends to decrease with increase of lattice expansion. '

Cold deformation tends to orlent the grains of a polycrystalline
metal so as to aline certain crystalline planes along preferred direc-
tions. Owing to the large directional wvariation of the modulus within
the crystals of many metals, such reorientation would tend to change the
value of the modulus from that obtained when the grains are randomly
oriented. DBefore studying the changes in relative dominance of the vari-
ous factors upon the modulus, during extension of amnealed nickel rod, a
discussion will be given of the effect of crystal orientation on the
elastic moduli of metals. :

2. The Directional Varlati,n of the Modulus of Single Crystals

As the metale considered in this report are either face-centered or
body-centered cubic, only these two types of space lattice will be con-
gldered in the following discussion. The directional variation of the

“The short hcrizontal lines at the right-hand border of figure 35
Indicate values obtained with unannealed cold-drawn nickel rod R. The
horizontal arrows Indicate values obtained with a cold-drawn nlckel spec-
%men)that had been annealed for relief of internal stress at S00° F

R-5).
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tenglle end shear modull in lattices of some metals of each of these
types are illustrated by the diasgrems in figures 31 to 34, which are
adaptations of diagrams in reference 18. These diagrams are drawn with
spherical cocrdinates having their origins at the intersection of the
three mutually perpendlcular axes of symmetry. The surface chown in
each figure 1s the locus of all points representing (by distance and di-
rection from the origin) values of the modulus of elagticity. The axes
C represented in each figure sre the cubic axes of symmetry.

In the discussion of crystal orientation, use will be made of the
Miller indices of crystal planes and directions. A crystal plane is
thereby denoted by a parentheses (---) with symbols, representing the
reclprocals of the ratios of the intercepte of the three principal axes.
A direction in a crystal is represented by a bracket [ --~] with the
symbols of the crystal plane to which the direction is normal. A direc-
tion making equal angles with all three principal axes is denoted by
[111] (octahedral), the direction of the cubic axes of symmetry by [100],
and the dodecahedral by [110]. In figures 31 to 34 the principal crys-
tal dlrections are denocted by letters, as explained in the key to these
figures.

A typlcal diagrem of variation of the temsile modulus of elasticity
E of a face-centered cubic metal is the dlagram for gold (fig. 31).
Tlhe modulus for this metal is least in the direction of the cublc axes
{C) and greatest in the direction of the octahedral axes (O). The ratio
between the mexirum and minimum values for gold, as glven in reference
18, is 2.71. Diagrams for copper, silver, nickel, and several other
face-centered cublc metals would be similar to figure 31. The dlagram
for another face-centered cubic metal, aluminum (fig. 32), however, is
very different in form. As indiceted by this nearly spherical diagram,
the ratio of the modulus for octahedrsl and cubic directions is about
1.2. (See reference 18.) From strain measurements made in the present
investigation, it is indicated that the space dlagram for monel is prob-
ably more similaer to that for aluminum (fig. 32) than to that for gold
(fig. 31). The space diagrams for nickel, aluminum-monel, Inconel, and
18:8 Cr-Ni steel crystals, however, are probably similar to that for
gold (fig. 31).

The dlagram for a body-centered cubic metal, alpha iron, is shown
in figure 33. This diagram is similer in form to figure 31, having a
ratio of modulus values in the octahedral and cublc directions of 2.15.
(See reference 18.) For tungsten, the corresponding ratio is about 1.0,
?o that %ts diagram would be nearly & sphere, like that for aluminum
fig. 32).

The directional variation of the shearing modulus (G), as illus-

trated by the diagram for alpha iron in figure 34, is opposite to that
of the tenslle modwlus. The maximum value of the shearing modulus is
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in the direction of the cubic axis (C), the minimum value in the direction
of the octashedral axis (0). The ratios of values of the shear modulus in

cubic and octahedral dirsctions for the verious metals are very nearly

the same as the corvesponding ratios of the tensile modulus in octahedral

and cubic directions. When thess ratios are considerably greater than 1,

the production of preferred orientation would cause a marked variation of

Poisson'’s ratio as obtained by the method described later in this report.

3. The Influence of Plagtic Deformation on Crystal Orientation
- of Face-Centered Cubic Metals

An earlier report (reference 2) gave a comprehensive discussion of
cylindrical and parallelopipedal deformation of both face-centersd and .
body-centered cubic single crystals and polycrystalline aggregates. In
this report, discussion will be limited to eylindrical deformation of
polycrystalline aggregates, that is, deformotion in which equal percent-
age changes occur in two dimensions and a necessarily opposite change in
the third dimension. Such deformation is produced by extension or draw-

ing.

Cylindrical deformstion of a rolycrystalline aggregate of a face-
centered cubic metal causes some of the crystals to assume octahedral
[111] orientation and others to assume cubic [100] orientation along the
specimen axis. Ebttisch, Polanyi, and Weissenberg (references 19 and 20)
thus found that hard-drawn wires of such metels have double fiber tex-
ture. Sachs and Schiebold (referemce 21), however, found that aluminum
has almost entirely the octahedral [111] orientation. This conclusion
was also verified by Schmid and Wasserman (referenence 22), who also
found that the orientation textures of various face-centered cubic met-
als differ only in the proportions of the [111] and [L00] orientations
along the crystal axis. Copper was found to be predominantly octahedral
[111], whereas silver was predominantly cubic [100]. Gold contained ap-
rroximately equal proportioms of the two orientations. Greenwood (ref-
erence 23) found cold-drawn nickel wires to have predominantly octahedral
oii?ntation. Cold-drawn monel has a similar orientation. (Ses roference
24,

Although the orientation of cold-worked 18:8 Cr-Ni steel has not
been detexrmined by X-ray methods, the results of the present investiga-
tion suggest thet it is predominantly cubic [100]. Such a conclusion is
suggested by the appreciable rise of Poisson's ratio (as discussed later),
as obtained by soft-annealing the cold-drewn alloy (fig. 68), a treatment
that would change the crystal orientation from preferred to random dis-
tribution. As will be shown later, cold-drawn nickel, aluminum-monei,
and Inconel tubing, however, exhibit a marked drop in Poisson's ratio,
with soft-annealing, probably owing to the removal of preferrved [111]
orientation.
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iy, The Tufluence of Plastic Deformation on Crystal Orientation
of Bcdy-Centered Cubic Metals

As shown by Ettisch, Polanyi, snd Weissenberg {reference 13) and
others (refersnce 25), cold-drawn iron gives preferred dodecahedral [110]
orlentation in the axial direction. Such oxientablon was produced on
lron, iron-silicon, and iron-vanadivm alloys by drewing, or swaging plus
drawing. {See reference 26.) Recrystallization would tend to reduce the
amount of preferred orientation.

The only body-centered cubic metal ineclunded in this investigation is
13:2 Cr-N1 steel. With extonsion of the annealed alloy, the change of
orientation from a random to e preferred [110] distribution would tend to
produce only a small rise of the tensile modulus; such a tendenscy is not
dominant over the renge of sextensions in figure 43. For annealed open-
hearth iron, as studled earlier in another project at this laboratory
(reference 7), the tendency to increase of the tenslle modulus with ex-~
tension was evidently smell. Thus the effect upon the modulus of crystal
reorientation 1s not so pronounced with body-centered cublc metals as
with some face-centered cnbiec metals., A study of Tigure 33, together with
the Ffact that the limliting oxtension of body-centered cubic metals is gen-
erally small, would account for the small influence of prefexred orienta-
tion on the medulus of those metals.

5. Inflvence of Plagtic Deformation on the Tensile Modulus of Elasticlty
and. Its Lipear Stresg Coefficlent for Nickel Rod and Tubing

The general rise of the tenslle modulus Egp with extension of an-
nealed nickel R-1L4 (fig. 35) may be attributed to the dominant influence
of the change of crystal orientation from random to preferred octahedral
{111] orientation parailel to the specimen axis. Such orientation is ob-
tained with cylindrical deformatlon of meny face-centered cubic metels.
The initial sharp drop of EQ may be abtributed to dominance of the
work-hardening factor. The subsequent sharp rise of Ep may be due in
part to ilncreasing intermal stress, to which is attributed the initial
rise of the €0 curve. The subsequent descent of the Cp curve is

probably due to the dominant influence of lattice expansion.

Kawai (reference 27) found an initial sharp drop of the tensile mod-
wlug, followed by a slower rise, for nickel and copper., He errcnecusly
attributed this initial drop to increasing internal stress and the subse-
quent rise correctly, at least in part, to preferred orlentation. The
effect of laltice oxpansion was not recognized in his work.
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The varistion of the tension modulus E, and i1ts linear stress-
coefficient Cp, with exteneion and cold reduction of tubing TR, is

shown in figure 36. Proof stress curves for these specimens were given
in figure 8. With extension of annealed nickel tubing TRF (fig. 36A),
Iy filrst decreamses sharply, and then rises to & maximum, within the
Tirst 2-percent eguivalent rcduction. At greater extensions Eo shows
little variation; whersas E_ . (the teusion modulus at 25,000 psi) ex-
hibits a contimuous .rise. With cold reduction of nickel tubing (fig.
36B), the tension modulus exhibits a general rise. With slight extension
of annealed nickel tubing, TRF (fig. 364), Cp rises to a maximum ab
the same equivalent reduction at which Ep reached e maximum. With cold
reduction of nickel tubing (fig. 36B), Co rises to a maximum at moder-

ate reductlon, decrsasing thereafter.

The initisl sharp drop of Ep with extension of annealed nicksl tub-
Ing may be attributed to lattice expansion; whersas the subsequent sharp
rige of EQ and the rise of Cp with initial exhension may be attribubed
to dominence of induced internmal stress. The rise of Co with cold re-
duection of nickel tubing probably is due to the same cause. The genoral
rise of the modulus E with extension or cold reduction probatly is due
to the dominent influence of production of preferred octahedral [ 111j
orientation parallel to the specimen axis. The drop in the Co curves
after moderate deformation may be attributed to the effect of the lattice
expanslion.

In many respects the forms of the E and Cp curves for extended
annealed nickel tubing are qualitatively similar to those obbtained for
nickel rod. BSuch differences that appear to exist may be attributed to
emall differences in cowmposition, to the form of the test specimens, to
the usoc of a number of tubular specimens and a single rod specimen, and
to experimental varistions.

6. Influence of Plagtic Deformetion on the Shear Modulus of
Elagticity and Its Linear Stress Coefficient for Nickel Tubing

The variastion of the shear modulus of elasticity with extension of
arnegled nickel tubing and with cold reduction of nickel tubing is shown
in figures 45A and 45B, respectively. Shear proof stress values for
these gpecimens are given in figure 17. Valuss obtalned for the fully
annealed metal are plotted at zero equivalent reduction in both dlegrams.
The method of derivation of the shear modulus from the shear streses-sirain
and stress-set curves is similar to that employed in the derivabtion of
tenslle moduli.
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The tensilo modulus of nickel tubing (fig. 36) was derived for zero
gtross, and where possible, at 25,000 and at 50,000 psi. Nudai (reference
28) has suggested that the gtress-strain curve for a metal in pure shear
can be derived from its stress-strain curve in temsion, by multiplying
tengion stresses by lA]? and tensglon strains by 1.5. This relatlonship
wag derlved for lsobropic metals upon certain assumptions which are open
to question. As a flrst approximation, however, i1t may be applied to many
other metals. Therefore, shear modulus values were obtained at zero
stress, and where possible, at 14,450 and 28,900 psi. Thege modulus val-
ues are to be utilized later in calculating Polsson's ratlo for nickel
tubing. -

With extension of ammealed nickel tubing TRF (fig. 454), the shear
modulus of elasticity, Go, exhlblts & sharp rise and decreage; at
greater extensions little varistion is noted. With increase of cold re-
duction of nickel tubing {(fig. 45B), the shear modulus G exhibits an
initial increase, followed by a decreace.

The fluctuations of the shear modulus with initial extension must not
be coneldered significant, owing to the small stress range over which
stress was measured. (Sec 0.l-perceént proof stress, fig. 1TA.) AL greater
extensions, however, where the stress range is greater, there appears to
be & balance among the various factors affecting G, With increase of
cold reduction (fig. 454) up to 30 percent, the shear modulus rises, owing
to the effect of induced intermal stress. With subsequent cold reduction,
the decrease of the shear modulus may be attributed to the combined domi-
nant influence of lattice expansion and to the production of preferred
[111] crystal orientation along the crystal axis; the reorientation factor
would tend to cause & continuing decrease of the sghear modulus, whereas it

would tend to increase the tensile modulus.

With extension of annealed nickel tubing (fig. B5A), the linear stress
coefficient of the shear modulus has a zero vaiue over nearly the whole
range; CQ reaches & maximum with 30-percent cold reduction of nickel tub-
ing (fig. 45B) and then decreases. The initial rise of Cp with cold re-

duction may be attributed to the effect of induced intermal stress, the
subgequent decrease to the effect of lattice expansion.
T. Influence of Plastic Deformation on the Tensile and Shear Modull
of Elasticity for Menel, Aluminum-Monel, Inconel, and Copper

Figure 37 shows the variation of the tensile modvlus E and its
linear stress coefficient Co with extension of annealed monel rod
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G-14." The tensile proof stress values for this specimen are shown in
figure 9. Eg shows llttle variation, whereas Ezg and Es, eoxhibit a

gradual rise. Evidently the various factors affecting Ey are in near
balance during such extension. The absolute values of the tensile modu-
lus for monel, as would be expected, are less than those obtalned with
nickel. The modulus-extension curve for nlckel rod had exhiblted a gen-
eral rise (fig. 35).

The linear stress coefficlent of the tensile modulus, Cp, for an-
nealed monel G-14 (fig. 37) exhibits e pronounced rise to a maximum during
the first 10-percent extension, decreasing steadily thereafter. The rise
is attributed to ilnduced internal stress, the subsequent lowering to the
dominant influence of lattice expansion. This Cg curve 1ls qualitatively
similar to that obtained on annealed nickel (fig. 35).

With extension of snnealed monel tubing TGE (fig. 38A) both Eg and
Egg filrst decrease and then increase; both changes are slight. With cold
reduction of monel tubing (fig. 38B), the tension modulus increases slight-
ly between 20~ and 30-percent reduction; Ep exhibits a small decrease gt
large reducticns. Proof stress values for these specimens are glven in
figure 10. Thers evidently is a balance of influence of the various fac-
tors affecting the tensile modulus, The influence of preferred c¢rystal
orientation on the modulus of monel rod or tubing is evidently not so pro-
nounced as upon nickel rod and tubing. This difference 1s probably not
due to a lesser degree of preferrsd orientation obtained with monel, but
reather to & smaller directional variation of the modulus of the monel crys-
tal. The linear stress coefficilent of the tensile modulus, Cg, £for
monel tubing remains zero during extension (fig. 3&A), but rises to a max-
imum with 20-percent cold reduction (fig. 38B), decreasing thereafter.
This rlse is probably due to the dominant 1nfluence of induced internal
stress.

With extension of annealed monel tubing TGE (fig. 46A) the shear
modull of elasticity, Gp and G;4.45 both decrease. Gp, Gi4.45 &and

Gog.g all rise with increase of cold reduction of monel tubing (fig. 46B)

from 10 to 20 percent and decrease contlnuously with further reduction to
values below that obtained for the annealed metal. The initial rise with
cold reduction of the shear modulus of monel tubing is ascribed to in-

duced internal stress; the general decrease with extension and the subse-

quant dscrease with reduction may be attributed to the dominant influence

1A correction of modulus values obtained from reference 2 was neces-
sitated before plotting the corresponding dlegrams in this report. Al-
though diagrams showing the variation of the modulus were qualitatively
correct in the earlier report, use of an lmportent errata sheet atbtached
to that report is required in order to odbtain correct absolute values of
the modulus. - : : - e T2ER

41

1]



NACA TN No. 1100

of lattice expansion, and probably to a minor extent to the production of
prererred octahedral [11ll] crystal orientation. With extension of annealed
monel tubing, the linear etress coefficient of the shear modulus Cp (fig.
46A) riees sharply and drops to zero within about 4%—percent squivalent
reduction. With cold reduction (fig. 46B) Co 1s zero for all grades ox-
cept the monel cold-reduced 75 to 80 pexrcent. The high values of Cg

give evidence of induced internal stresa.

The tensile modulus of elastlcity, Eg, for annealed aluminum-monel
tubing THD (fig. 39A) exhibilts an incresse with small extension, whereas
E,5 decreoases; these values become nearly constant with further extension.
Bgos exhibits a steady rise vith extension of thig tubing. Some rise of
the tension modulus “E 1s obtained for aluminum-monel tubing with increase
of cold reduction from 40 to 60 percent (fig. 39B). No tubing was avail- 3
able having reductions less than 40 percent. For the annealed aluminum-
monel tubing, the linear stress coefflcient of the tension modulus, Cp
(fig. 39A), rises rapidly with extension. This rise, and the rise of Ej
with extension, may both be attributed to induced internal stress. The
eventual rise of E with severe cold reduction of aluminum-monel tubing
is probably due to the production of préferred octahedral [111] crystal
orientation. ) ' T

With increase in sextension of amnealed aluminum-monel tubing THD
(fig. 47A), there is little variation of the shear modulus, G. With cold
reduction of aluminum-monel tubing (fig. 47B), there is a continuous de-
crease of the shear modulus. Evidently there is a balance of influence of
the various factors affecting G during extension. The lowering of tho
shear modulue with reduction may be attributed to lattice expansion, and
probably in part to the production of preferred octahedral [111] crystal
orientation. '

The linsar stress coefficient of the shear modulus, Cp, exhibits a
rise during extension of annealed aluminum-monel tubing, THD (£ig. 474),
owing to induced internal stress. With cold reduction (fig. 47B), the
value of Cp remains small. ' )

With increase of extension of annealed Ihcomel rod, L-17.5 (fig. 40),
there is a successlive rapld rise and decrease of the tension modulus Ej,
followed by & slower riee. TFps and Eg, show a steady rise for prior
extension greater than 4 percent. The Initial rise of XEp 1s probably due
to rellel of internal stress, the subsequent decresse to latitlce expansion.
The eventual rise may be attributed to dominance of the production of pre-~
Fferred octahedral [111] orientation along the specimen axis, A sharp rise
of Cp 18 obtained during early extension, owlng to induced internal
stress, followed by a steady decrease, due to lattice expansion.
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With extension of amnesled Inconsl tubing TLD (fig. L4lA), Eo =rises
sharply to & maximum, and later approaches a constant value; E,, and
Eso, rise steadily from the low valne measured at small extensions. With
cold reduction ofl Inconsl tubing {fig. 41B), the lension modulus exhibits
& sharp rise between 50- and 75-percent reduction. Tubing cold-worked to
smaller reduction was not available. The value of the tension modulus
for the laboratory amnealed Inconel is larger than that obtained for the
corresponding factory-énrealed product TLA. This seame velatlonship was
also observed for aluminum-monel tubing (fig. 39). The linear stress co-
efficlent of the tenslle modulus Co rises sharply with extension (fig.
L1a), owing to induced internal stress.

With increase of extension of soft-amnealed Inconel tubing TID
(f1g. 48A), there is a conbinuous decrease of thé shear modulus. A con-
tinuous decrease is likewise obtained with cold reduction of this metal
(fig. 48B). This general decrease may be attributed to the combined dom-
inant influence of lattice expansion and to Yhe production of preferred
octahedral [111] crystal orientation along the specimen axis. With early
extension of annealed Inconel (fig. 48A), the linear stress coefficilent
of the shear modulus, CQ, rises owing to the predominance of intermal
stress, and later decreases owing to the daminant effect of lattice ex-
pansion. Factory annealed Inconel (TLA), (fig. 48B), gives a very high
value for Co 1in shear. It has been surmised that thils high value may
be attributed to the intermal stress probably induced by the straighten-
ing given this mstal, following annealing. The value of Cp decreases

uwith cold work to zero at T5-percent reduction of area.

In figure 42A is shown a plot of the tensile modulus E and its lin-
ear gtress coefficient CQ, with extension of annealed copper rod, N-6.
The modulus at zero stress, EQ, exhibits an initial sharp decrease, fol-
lowed by a slower rise at a decreasing rate. The dotted curve which is
drawn through the mean positions of the experimentel points would be par-
allel to a basic curve devoid of the influencé of extension spacings and
rest intervals. The initial gharp drop of the modulus Ep may be atirib-
uted to the dominant influence of lattice expansion. The initlal rate of
lattice expansion 1s high. During subsequent extension, the rise of the
tensile modulus may be attributed to the combined dominant influence of
indnced internal stress and the production of preferred cctahedral [111]
orientation. This diagram ie somewhat similar to the diagram for nickel
(figs. 35 and 36). :

The linear stress coefficient of the tension modulus, CQ, exhlbite
& sharp rise, followed by & rapid drop at a decreasing rate, to a low
value. The absolute values of Co, for copper, are appreciably greater

than those obtained with the higher strength metals. This is evident in
the greater curvature of the stress-strain lines and the greater initial
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slope of the stress modulus lines. (See references 2 and 7.) Apparently,
induced internal stress is initially dominant in producing & rise of CQ;
whereas lattice expension shortly becomes dominsnt in causing the subse-
quent drop of Co. This material is unique in giving curved stress-modu-
lus lines (not shown, see reference 2) throughout the range of uniform ex-
tension. All the other metals tested gave curved stress-modulus charac-
teristice (see figs. 6 and 35 for nickel) only over the early portion of
the extension range.

- In figure 42B is shown the variation of Bo and Co with extension
for cold-rolled copper N, The high value of E0 may be attributed to
the preferred [11l] orientation produced by cold rolling. Co is small
and shows no gignificant variation.

8. Influence of Plastic Deformetion on the Modulus of Elasticity
and Its Linear Stress Coefficient for Stainless Steels

Figure 43 shows the variation with extension of the tensile modulus
of elasticity, and its linear stress coefficient, Cp, for the annealed
13:2 Cr-N1 steel rod specimen. The proof stress walues for thls specimen
ars shown in figure 15. 2n Ep curve drawn through the mean position of
the points would descend at a decreasing rate, approaching a nearly hori-
zontal position at the maximum extension shown (14 percent). As the max-
imum load was reached at slightly less than 7 percent (extension), some
gtrese-strain and stress-set curves evidently were obtained after exten~
sion beyond the beginning of local contraction. Since the reduced sec-
tion did not have an abruptly curved contour and extended over an appre-
clable fraction of the gage length, determination of the beginning of
local contraction was difficult. The Ezg end Ege curves followed
coursee similar to the Eg curve. The linear stress coefficlient, Co,
exhibites an initial rise but varlies little beyond this point. The KEQ
and CO curves generally oscillate in directions opposite to those of
the proof stress curves - that is, low values generally follow short rest
intexrvals.

The work-hardening factor apparently dominates in causing the lower-
ing of Eo with extension. Any preferred orientation which might occur

during extension of this specimen of body-centered cublc metal would like-
wige tend to raise the modulus; the orientation produced during such small
extension, howsver, would be expected to be negligible. The inltial rise

of the Co curve is probably due to the dominant influence of increase of

internal stress.
With increase of extension of annealed 18:8 Cr-Ni steel specimen
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TM-18.3, the tension modulus Eo (fig. LL4) shows an initial slight rise
during the first 5 percent of extension, followed by a steady and somewhat
rapid decrease throughout the remainder of the extension range. - The modu-
lus E,5 exhibits a steady drop; whereas E o':rises slowly during the
first 20-percent extension, and then decreases. The linear stress coeffi-
cient, Cp, exhibits a rapid rise during the first 15-percent extension,
followed by & gradual decrecse. '

The initial rise 1n the Ep -end Cp curves maey be attributed to a
rredominant influence of increasing internmal stress, the subsequent de-
crease of the modulus may be attributed in part to lattice expansion.

Some of this decrease, however, may be due to the production of preferred
orientation. Unlike the other face-centered cubic metals, deformation of
this ferrous alloy is believed to produce a predominantly cubic [L00]
orientation in the direction of the rod axis. Such orientation would tend
to lower the tension modulus. Slight prestretching of cold-worked speci-
mens, however, generally produces & 1cwer1ng of the tensile modulus, owing
to relief of internal stiess. -

In another investigabion conducted in this laboratory (reference T)
a study was made of the effect of prior plastic extension on.the temnsile
modulug of elaetlcity and ite linear stress ooefficient, Co, for low
end medium carbon §teels. It was found {hat an initial rise of the mod-
ulus and Cp is sometimes obtalned with extension owing to induced in-
ternal sgtress. Subsequent deformation causes little variation or even a
small decreage of the medulus (except for a slight rise for the 0. 20-
percent carbon steel); the lattice expansion factor thus becomes dominent.
Evidently the change from random to preferred orientation produced at
large deformations of these steels hag a small, if any, elevabing effect
upon the mcdulus. The lowering effect of lattlce exparnsion is generally
dominent. : '

Figure 49 shows the variation of the shear modulus of elasticity G
and its linear stress coefficient <Cp; with prior extension of annealed
18:8 Cr-Ni' gsteel tubing, TC-19. With increasing extension, G -decreases
almost continuously over the range shown. The linear stress coefficlent,
Co, 1s zero except at an extension of 5 percent; no significance should
be attached to this single small value. The continuous decrease of the
shear modulus G, with extension, may bs attributed to the dominant in-
fluence of lattice expsnsion. :

9. Influence of Plastic Deformation on Poisson'’s Ratio for Metals

From measuréd tensile and shear modulus values for a metal an effec-
tive value of Poisson's ratio, UK, may be calculated according to the
equation:
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“.2%-1 (6)

where E and G are the tension and sheer moduli, respectively. (Ses
reference 29.) If the metal is isotropic this value will be equal %o
Poisson's ratic, ag comonly determined from the ratio of unilt lateral
contraction to extension, under tenslle loadlng.

For the purpose of messuring the relative influsnce upon tensile end
shear moduli of such variables as plastic deformation and annealing tem-
perature - that is, to detect any changes in lsotropy of the metal - the
use of such & calculated effective value may have certein advantuges ovexr
that obtained by simultanecus extension and contraction measurements.

Figure 59 shows ‘the variation of the tensile modulus X, the shear
modulus G, and Poisson's ratio p, with extension and ccld refuction
of nickel tubing. The modulus curves have been drawn through the mean
positions of the experimental polnts as obtained from figures 36 and 45;
these curves are used in deriving Polsson's ratio. The absclssa scale is
plotted as equivalent reduction of area. -In figure 5GA are plotted values
obtained with extended annealed nickel tubing; in figure 53B are plotted
values obtained with cold-reduced nickel tubing.

With extension up to 10 percent, annealed nickel tubing TRF shows
11ttle variation of Poissonfs ratio, With cold reduction of nlckel Tub-
ing (fig. 59B), g small decreese in W lis obtained at intermediate reduo-
tions and a marked rise is obtalned at large reductions. During exten-
slon, the various factors apparently affect temsile and shear modulus val-
ues proportionally. The difference in effect of the reorientation on the
tensile and shear modulil accounts for the eveniual large rise of Polsson'’s
ratio with cold reductlon. -

Figure 60 shows the variation of the tension modulus E, the shear
moduwlus G, and Poisson’s ratio n, with extension and cold reducticon
of monel tubing TG. With increase of extension (fig., 60A), Mo &and Hgg
rise. This rise may be attributed partly to the directional inflience of
the internal stress and probably in part to the effect of the reorienta-
tion factor. However, owing to the lees rapid initisl rise of Poisson's
ratio with cold reduction of monel tubing, as indicated in figure 60B, -
the reorientetion factor is believed vo influence the rise of up with
extension only to a minoyr degres.

With cold reduction of monel tubing (fig. 60B), Poisson's ratlo
reaches & minimum at intermediste reductions of area; this decrease is
small and should not be considered significent. No single factor appears
to dominate in this range. With further cold reduction Mo and Hg,
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rise rapidly, owing to the production of preferred octahedral [11l] orien-
tation along the specimen exis, which tends to increase the tensile mod-
uius and decrease the shear modulus. The influence of this reorientation
Tactor was not evident in the variation of the tension modulug E for
monel tubing (fig. 38) and monel rod (fig. 37). Lattice expansion is be-
lieved to affect tensile and shear modull similarly; it therefore is
isotropic in its effect and would not influence H.

With prior extension of ammealsd eluninum-monel THD (fig. 61A) and
annealed Incomel. TID (fig. 62A) tubing, there is a rise in Poisson's
ratio, ug, probebly becevse of the directional influence of internal

stress ard possibly also because of reorientation. With increase in the
cold reduction of sluminum-monel, THE (fig. 61B) and Inconel TL (fig. 62B)
tubing, Poisson's ratio m for these metals exhlbits a steady rise.

This rise may be attributed to the production of preferred [111] crystal
orientation. Since tubing having intermedlate cold reductions was not sup-
plied in these two compositions, the variation of Poisson's ratio within
this range of cold work could not be ascertained. -

Abtention will now be given to the range of numerical values of p
obtained with nonferrous metals. For the unextended lsboratory-asnnealed
metals, the derived value of Poisson's rabio ranges from 0.33 to 0.42.
For annealed metals extended about 10 percent (9.l-percent equivalent re-
duction) » the values range from 0.28 %o 0.52, Factory-asnnealed aluminum-
monel and Inconel gave values of 0,34 and 0.28, respectively. A%t inter-
mediate cold reductions, values as low as 0,34 were obtained; whereas &t
greater cold veductions the values ranged from 0.40 for monel tublng to
0.51 for Inconel tubing. Minor fluctuations of this ratio might be at-
tributed to the experimental error of measursments.

Poissonts ratio obtalned by measuring the ratio of unit lateral con-
traction to unit longltudinal extension for an elastic lsotropic metal
will be found to be about 0.3. (Ses reference 30.) Such a metel, there-
fore, will expend in volumo under tensile stress. A value of 0.5 obtained
from such measurenents would indicate that no volume change was obtalued
by extension; Lead, with a measured value for up of 0.45, approaches
this condition.  In the present tests, however, where Poisgson's ratio is
calculated in terms of measured values of tension and shear elastic modull
of structural metals, an apprecisble deviation of the effective value of
Polsson's ratlo from thet obtained for the annealed metel would indicate a
corresponding degree of anisotropy of the metal. (See reference 30._)
Thus, with extension of amnealed tubing, and with cold reduction, produc-
tion of anisotropy 1s indicated by the rise of the values of Poieson's
ratio obtained. It would be expected that the metals became anlsotroplc,
owing to the producticn of preferred orientation, and to the production of
internal stress having directional nroperties. Likewise, a reémovel of
anigotropy la obtained with soft annealing.
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From values of the shear modulus cobtained upcn 18:8 Cr-N1 steel tub-
ing, TC, end the tensicn modulus obtained upon 18:8 Cr-Ni steel rod,
DM, values of Polsson's ratio were calculated by use of eguation (6). It
wag then possible to detexmine the varlation of Poilsgon®s ratio with ex-
tenglon of the soft-annealed alloy.

Pigure 63 shows the variation of the tension modulus E, the shear
modulus G, and Poisson's ratio M with extension of amnesuled 18:8 Cr-Ni
steel, The modulus curves are faired through the mean positions of the
experimental values obtained from earlier tests (not shown, see figs. Lk
and 49, respectively). With increase of plastic extension, u rises fram
an initial value of-0.32 reaching a constant value of 0.40 after an exten-
sion of about 12 percént. The values of up,g and pg, are almost con-
stent over the observed range of prior extension at about 0.32 and 0.2k4,
respectively. '

The initial rise of u with extensicn coincides with the initial
rise of Eg. This rise was attributed to the influence of rssidual inter-
nal stress. That such a rise is not evident in the curve of Gp may be
attributed to the differencs in directions of the princlpel shear stress
during prior sxtension and during toreion teeting. This difference would
not exist for tension testing. Thus, the internmal stress induced ls
anigotropic in its influence upon sgubgequently measured elastlc proper-
tles. With appreciable increase in stress during such testing, the resid-
ual intermal stress would become negligible in comparison with the applied
stress, or it msy become relleved. The evidence of elastic anisotropy
would then dlsappear, as indicated by the lower values obtained for g
and Kgo. Such wide variation of u with stress, which indicates a di-
rectional influence of the internal stress, may also be noted in the dia-
%rams £o§ extended monel (fig. 60), aluminum-monel (fig. 61), and Inconel

fig. 62

VII. INFLUENCE OF ANNEATING TEMPERATURE ON THE MODULUS OF

ELASTICITY OF METAIS

Attention will now be given to the variation of the tensile and shear
moduli cPf elasticity and their linear stress coefficlents with the temper-
ature of ammealing. From stress-strain and gtress-set curves obtained on
specimens annealed at various temperatures, values were obtelned of the
modulus of elagticlty at zero and at elevated stresses, and of its linear
stress coefficient, Cp.-
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1. Influence of Annealing Temperature on the Modulus of Elasticity and Its
Linear Stress Coefflcient for Cold-Worked Nonferrous Metal Rod snd Tubing

Figure 50A ghows the variatlion of the tensile modulus of elasticity
and its linear stress coefficlent, for cold-drawn nickel rod (R) specimens
annealed at various temperatures, the proof st;ess valuses of which are
gilven in figure 23A.

There is little variation of the modulus for ammealing temperatures
renging between room temperature and 1100° F. At higher temperatures,
there is a marked lowering of the modulus. The linear stress coefficient
of the modulus, CQ, dscreases with increase of annealing temperature,
and the value 1s zero for temperatures of 700° F and greater; this means
that the modulus does not vary eppreciasbly with gstress for ammealing tem-
peratures above 700 F.

The horizontel course of the modulus curve throughout the lower tem-
persture range may be ettributed to a balance of influence of the several
factors affecting thls property. The sudden drop of the modulus wilhin
the recrystallization range (above 1100° F) may be attributed to the com-
bined dominant influences of relief of intermal stress and the changes of
crystal orientation from preferred octahedral {111] along the spscimen
axis to a random dlstridbution.

Figure 51A shows the verlation of the tensile modulus of elasticilty
E and its linear stress coefficient, Cp, with annealing temperature for
cold-reduced nickel tubing TRE. Proof stress curves for these speclmens
are glven %n figure 24B. With increase of annealing temperature up to
about llOO P, the tensile modulus shows little change. With increase
above 1100° F a marked decrease of the modulus is found, probably due
largely to removal of preferred orientation. A high value of CQ 1is
obtalined at an snnealing temperature of 1200° T, low values being ob-
tained at all other temperatures. The reality of the high value of Co
may be questioned, since the stress range over which strain is meagured
is small (see fig. 24B), thus lowering apprecisbly the accuracy of deter-
mining this index. The variation of the modulus with annealing tempcra-
ture for cold-reduced nickel tubing is similar to that obtained for the
cold-drawn rod. The modunlus values obtained with the tubing sre samewhat
greater than with the rod, owing probebly to the greater degree of cold
work and hence a grester emount of preferred orientation, obtained with
the tubing.

In figure 55A are plotted values of the shear modulus and its linear
stress coefficient Cp, obtained upon the tubulaer nicksl specimens an-

nealed at various temperatures. Proof strese values for these specimsns
ars plotted in figure 28B, With increase of emnealing temperature, the
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shear modulus G exhlbits & small gharp rise between 1100° end 1200° F,
followed by a larger drop with further increase in temperature. Posaihly
the shaip rise is due to removal of preferred orientation; the subsegquent
drop cannot be explained. Hcwever, for the 1400° ¥ annealing tempsrature,
the small renge of stress over which strain is measursd (see O.l-percent
proof streess, fig. 28B),,does not permit an accurate determination of the
shear modulus. The several factors affecting E are in aprarent balance
for annesling temperatures below 1100° F, There is no regular variation
of the linear stress coefficient of the shear modulus, Cgp, with increase

of ennealing temperature; the magnitude of €O i1s generally small,

With increase of the temperature of amnealing cold-drawn monel rod-G
(fig. 52A), up to 1100° ¥, there is little variation of the tensile modu-
lus EQ; a small drop of the modulus occurs at higher temperatures. K, g,
Egoy 8nd Eyy0 rise rapidly with temperature from low values obtained
with the cold-drewn metal (100° F), nearing the value of By at 650° F.

Proof sgtress values for these specimens are given in figure 23B. With
increase of the temperature of ammealing cold-reduced monel tubing TGD
(fig. 53A), the modulus E shows little variation over the whole range.
Proof stress values for these specimons are given in figure 2hA. Evi-
dently the geveral factors affecting the tensile modulus, EFEO, are in
approximate balance with elevation of the annesling temperature. The high
value of (g for both cold-drawn rcd (fig. 524) and cold-reduced tubing
(fig. 53A) is commensurate with the wide spread of modulus values for
thege metals. Cp decreases rapldly with elevation of annesling tempera-
ture. This decrease fay be attributed to relief of internel stress.

With increase of annealing temperature for cold-reduced monel tubing
TGD (fig. 56), the shear modulus G shows little variation with anneal-
ing temperature, indicating that the various factors are in approximate
balance. With increase of annealing temperature the linear stress coeffi-
cient of the shear modulus, CQ, oscillates about low values, reaching

zero at 1400° F.

With increase of annealing temperature, the temsion modulus E for
cold-reduced aluminum-monel tubing THC (fig. 53B) risss gradually, reach-
ing & maxisum at 1075O F. At higher temperatures Ko decreases. The
initial rise of E is due to the dominant influence cf relief of work-
hardening effects; whereas reorientation occurring during recrystalliza-
tion produces the subsequent lowering of the modulus. A high initlal
value of the linear stress ccefficient of the tension modulus, C¢ Ifor
the cold-veduced metal (100° F) is ccumensurate with the large variation
of the tensicn modulus with strees; both indicate the presence of inter-
nal stress. With Increase in temperature Cp decreaces owing to inter-
nal stress relief.
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With increase in the temperature of sunealing aluminum-monel tubing
(fig. 57), the shear modulus of elasiicity, G, exhibits a gradual rise.
This rise may be attributed to the combined domimant influence of the re-
moval of lstitice expansion effects, and to recrystallization. The linear
atress coefficient of the shear modulus Cp for aluminum-monsl tubing
exhibits & goneral decrease with increase of anmealing temperature, owing
to relief of Internal stress; the absolube value is smell.

Figure 50B ghows the variation of the tensile moduluse E and ite
linear stress coefficient, Cp, with the temperature of annealing cold-
drawn Inconel rod L; +the proof stress values for this specimen are
given in figure 26A. Setting aside temporarily the values obtained in
the early tests on cold-drawn rod, there is indicated & gradual rise of
the tension modulus with inciresse of amnealing temperature up to 1100° F,
followed by a repid decrease to values somewhat below that for the cold-
drawn metal. The gradual rise may be attributed to the dominance of re-
lief of lattice expansion, the subsequent lowering to recrystallizetion,
that 1s, reorientation from a preferred to a random distribution.

The linear stress coefficient of the modulus, Co (fig. 5CB), gives

generally low values over the whole temperature rangs (ignoring results
of early tests), except for a single high value at lh50° F. No groat
significance should be attached to this single high velue, considering
the emall stress range over which strain was messured on this specimen
(0.1-percent proof stress, fig. 26A). ' T

The high value of Ep and Co and the associated large variation

of the modulus with stress, as obtained 1n the early tests on cold-drawn
Inconel 1 (fig. 50B) irndicate a dominant iafluence of the contained in-
ternal stress. As noted above, the specimens tested later, both cold-
drawn and annealed, exhibited lower values of Cg, indicating & reduced
amount of internsl stress.

In review, when geverely cold-drawn Inconel is permitted to rest a
long period (in this case, over 3 years) both relief of internal stress
and some softening occurs. Internal stress relief dominates in ralsing
the lower proof stresses and in lowering Ep and Cg. Softening, or .

relief of lattice expansion, dominates in decressing the upper proof
streosses, Subsequent annesling within the stress-relief amnesaling range
cauges further internsl stress rellief which dominates in raising all
proof stresses and also causss further relief of lattice expansion,
which dominstes in raising the modulus.

With increase of the temperatbture of anneallng cold-reduced Inconel
tubing TIC up to 1100° F the tensile modulus E rises gradually owing
to the dominant seffect of removal of lattice expansion. With furthex
increase of temperature, the modulus drops rapldly, owing to
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recryatallization, or removal of preferred orientation. The linear stress
coeffliclent of the tension modulus, Cp, Iis small, and shows no signifi-

cant variation with temperature.

With incirease of the teuperature of aunnealing cold-reduced Inconel
tubing TIC (fig. 553), there ls obtained a gradusl elevetion of the shear
modulug owing to the combined dominant Influence of relief of lattice
expansion and recrystellizatlon., The linear stress coefficlent of the
shear modulus, C@, 1is small over the whole anneanling temperature range

for Inconel (fig. 5B) and shows no regular variation.

4 Influence of Annealing or Tempering Temperature on the
Modulus of Elagticity of Stalnless Steels

Figure 52B shows tho variation of the tension modulus E and its
linear stress coefficlent Co with tempering temperature for alr.hardened
13:2 Cr-Ni steel; the proof gtress values for these specimens are shown in
figure 26B. For air-cooled and furnace-cooled specimens, these variations
are slight. Apparentiy, no single factor is dominent in thils rangs. Sin-
gle high values of Ep and CQ are obtained, however, for the ms-recelived
metal. Since this metal had been hot-rolled prior to the "ammealing"
treatment, evidently some of the deformation texture remained. It is be-
lieved such a texture would contain dodecahedral [ 110] orientation along
the specimen esxis. Heating up to 1750° P would cause coumplets recrystalli-
zation, and thus give a lower value of the tension modulus and its linear
stregs coefficilent.

The tension modulus of elasticity of half-hard 18:8 Cr-Ni steel rod,
DM, rises with increase of annealing temperature (fig. H4A) over the
range indicated. Proof gtress values for these specimens are shown in
figure 27TA. Evidently, velief of lattice expansion dominates over the
entlre renge in causing this rise of E. Some of this rlse, however, may
be due to a change of crystal orientation from predominantly cublc to
random distribution. The Uh-hour annealing time at 482° F did not cause
any significant chenge of Egp or Cp from the values obtained upon the

specimen amnealed 1/2 hour at 5C0° F,

Figure 5B shows the varistion of the tensile modulus E, and its
linear stresg cuefficient, Cg, with annealing tcmperature, as measured
at -110° F (-78.5° C). There is a general increase of the tensiun modu-
lus with annealing temperature, similar to that cbtained in Ffigure SkA
at room temperature. The modulus values measured at low tempeirature,
however, are somewhat higher than the room temperature values, over the
entire range. Somewhat greater values of the linear stiess coefficlent
of the modulus wers obtained at low tempermtures; the absolute values of
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Co in figures 54A and 54B are small so that their apparent variations
cannot be consldered significant. A similsr varietion of the tension mod-
ulus with annealing temperature, and with lowering of test temperaturs,
wvas also obtained with severely cold-drawn 18:8 Cr-Ni steel rod. (Ses
reference 3.)

Figure 58 shows the variation of the shear modulus of elasticity,
G, and its linear stress coefficient, Cp, with the temperature of an~

nealing 18:8 Cr-Ni steel tubing, TC. There is an almost continuous in-
cresse of the modulus with temperatuvre, over the range shown, owing to
dominance of rellef of lattice expansion. Considerable fluctuatlion of
the value of Cg is obtainsd; the msgnitude of these values, howsver, is

small, and thus cannot be considered significant.

5. Influence of Annealing Temperature on Poisson's Ratio
for Various Metals

It will also be of interest to consider any changes in isotropy of a
work-hardened metal caused by veriation of annealing temperxeture. Such a
study 1s obtained by calculating Poisgon®s ratlo, from corresponding
curves of variation of tensile and shear moduli with annealing btempera-
ture.

Figure 64 shows the variation of the tension and shear modull and of
the derived value of Poisson's ratio W, with the temperature of anneal-
ing cold-reduced nickel tubing, TRE. Values obtained with fully annealed
nickel tubing TRF are also used in plotting these curves, Experimental
modulus values were replotted from figures 51A and 55A. Smooth curves are
faired through the mesn positions of the experimental points.

Poisson's ratio B for nickel shows pegligible variation with in-
crease of annealing tempersture up to 1100~ ¥. Above this temperature P
decreases rapidly. This decrease may be attributed principally to the
change of crystal orientation from & preferred to a random distribution.

Figure 65 gshows the variation of the tensile modulus E, the shear
modulus G, and Poissonts ratio, i, with annealing temperature for
cold-reduced monel tubing TGD. The modulus curves are reproduced from
figures 52A and 56, respectively. With increase of annealing temperature,
Poissonts ratio first decreases, and then increases. The actual variation
is small and may be within the limits of experimental error. There evi-
dently 1s an approximate balance between the various factors that influ-
ence Poisson?s ratio. The meximum cold work impaited to this urannealed
tubing was not s0 great as that imparted to other metals.
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Poirpson's ratio for cold-reduced aluminum-monel (fig. 66) and Incrmel
(fig. &7) tubing varies with annealing temperature in a msnuner similar Lo
tlac for nickel tubing (fig. 64). This property shows little chunge with
increase of annealing temperature up to 1100° F. For higher annealing
temperstures, K for these metals drops rapidly owing to the removal of
praferred orientution. Both of these metals had been severely cold-
reduced (table 3) before annesling and testing.

Figure 68 shows the variation of the tension modulus E, tke shear
modulus G, and Poissonfs ratio p wilth the temperature of anrealing
cold-draewn 18:8 Cr-Ni eteel. The modulus curves are falred through the
mean positions of the points obtained in earlilier teats. (See figs. 54
and 58, respectively.)

With increase of amnealing temperature from room temperaturs to
1000° P, there is no significant varlation of up, ©Or Hse; these Lwo
curves are nearly coincldent. With further increase, Uy rises from &
value of 0.22 to about 0.31 at 1800° ¥, The relief of internal stress
which occurs in the lower temperature range obviously does not affect
Poimson's ratic. The intermal stress induced by cold drawing aprarently
is lsotropic in its effect; in cold~-drawing tubing and rod, the dlrections
of the planes of maximum shear will tend to be widely dlstributed.

The eventual rigse of 1 with ennealing temperature is attributed to
another cause. After severe cold deformation of 18:8 Cr-Ni steel rod, as
obtained with the cold-drewn alloy, the low value ¢f Eo (fig. 54A) can
be attributed in part to the production of preferred cubic [100] orienta-
tion parallel to the specimen axis, such as occurs in gome face-centered
cublc metals. A low valus of the shear modulus is not obtained with ccld-
dravn stainlees steel tubing. (See fig. 58.) Hence, Poisson's ratio for
cold-dravn alloy will be lower than the value obtained with annealed
alloy. Therefore, recrystallization of the cold-drawn alloy should in-
crease the value of Poisson®s ratio. It was shown earlier that Poisson's
ratio for cold-worked nickel, aluminum-monel, and Inconel tublng decreases
within the recrystallization range; in these metals cold work produces
preferred octahsdral [11ll] orientation along the specimen axis.

CONCLUSIONS

The following conclusions apply to all the metals tested, excep* as
indicated.

1. An incamplete view of the tensile slastlc properties Jf a mesal
ig obtairned by considering either the stress-gtrain or stress-set rela-
tionship alons. Consilderation should be given to both relationships.
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2, In a study of elastic properties, comsidoration shouwld be
given to the time schedule followed during test. In the present in.
vestigation, measurements wers made only after holding sach load for a
period of 2 minutes. This permltted the positive or negative cresp to
reach & very low rate, enabling both accurate, and sensitive strain and
set measurements to be made. -

3. Positive and negative creep occur during cyclic stressing of a
specimen, even when well wilthin the elastic limit of the metal, so as to
glve stress-strain characteristics of the form of hysteresis loops. The
permanent sot produced during each cycle, which prevents closure of the
loop, diminished with continmed cyclic stressing over a fixed load
range; there is an accompanying decreazse of loop width. Permanent set
and loop width mey be temporarilly increased by increase of prior rest
interval or cycle time. Complete ciosure of hysteresis loops would be
oxpected only efter many thousands of stress cycles.

4, The making of successive stress-strain and stress-set curves up-
on & singjle specimen, with intervening extension spacing and rest
intervals, gave elastic property values much influenced by these two
variabies. A plot of any one of these elastic properties versus
total extension often gave curves having many wide abrupt oscillatlons
superposed upon more gradual wave like curves. The wide osclllatlons
are generally assoclated with variation of the rest intervals and the
extension spacing, which greatly affect the positive and negative creep
and. the amounts of induced internsl stress. The forms of the more
gradual basic curves are determined by certain fundamental factors
enumerated below.

5. With extension of soft-annealed metals, the basic tensile or
shear proof stress-extension curves exhibited either an initial de-
crease or a slow rise, followed at greater extensions by & slesper rise.
The most rapid initisl decrease tends to occur in the curves correspond-
ing to the smaller values of set; the subsequent rise is most rapid in
the curves corresponding to the larger values of sebt. The general tend-
ency of the basic proof stress-extension curves to rise because of the
latbice expansion or work hardening is initially diminished, or over-
come, by the lowering effect of the induced internal stress. The curves
obtained with annealed tubing in both tension and shear, sre devoid of
much of the oscillation observed in the other curves, because these data
were obtained by single tests upon a number of specimens which had each
been extended a different amount after annealing. .

6. Rest, following extension, tends to cause some slight lowering
of the temnslile proof stresses for the metals tested., This decrease is
attributed to a dominent effect of a slight softening of the metal.

This effect was quite evident after a 3-year rest period given souie coldp
drewn Inconel rod, after delivery.
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T. The dominent-effect of annealing of cold-worked metals at inter-
medlate temperatures is an increase of tensile or shear proof stress
due to relief of internal stress. This factor hes the greatest effect
on the proof stresses corresponding to the lower values of set.
Anneuling at higher temperature produces relief of 1attice expanslion,
and consequently a lowering of all proof stressee.

8. The temsile or shear modulus of elagticity may be derived from .
tensile or shear stress-strain lines, corrected for permanent set. Since
the elastic moduli of many metals vary with stress, it is convenient to
derive the linear stress coefficient ' Co, of the modulus at—zero stross,
and moduli at various values of stress. In order to determine the modu-
lus of elasticity more accurately, the corrected values of strain may be
plotted as deviations from a fixed mofulus Updh d4n open scale. From the
Tlve proof stresses corresponding to permanent sets of O. OOl 0.003,
0.01, 0.03, and 0.1 percent, from the modulus at zero stress and at one
or more elevated stresses, and from the linear stress coefficlent, Cp,
1% is possible to obtaln a fairly good picture of the elustic properties
of & metal in either tension or shear.

9. With increase of extension of an anmealed metal, the variation
of the tensile or shear modulus 1s determined by the relative influences
of throe factors; namely, intermal stress, lattice expansion, and crystnl
reorientation. With variation of the temperature of annealing a cold-
worked metal, the modulus is llkewise dependent upon the relative influ-
ence of these three fundamental factors. Such influence will differ for
the several metals tested. S T T '

The various metals differ somewhat in the form of the curves ob-
tained showing the vaeriation of the modulus with extension, cold reduc-
tlon and annealing temperature. Such tension and torsion modulus curves
for e single metal are likewise not similar in Fform.

10. With extension of annealed nickel rod or tubing or copper rod,
the tension modulus, EQ, initielly decreases sharply to a minimum,

riging at greater extensions at a gradually decreasing rate. After
appreciable deformstion, as obbained with cold reduction of nickel tub-
ing, & more pronounced rise of the tensile modulus occurs.

With tensile extension of annesled monel rod or tubing, or with
cold reduction of monel tubing, the tension modulus Eo shows littlo

variation. Lilkewlse, little variation of Eo 1is obtained with exten-

glon of annealed Inconel tubing. With initial exltension of aluminum-
monel tubing, EQ is found to rise sharply, with no appreciable varia-

tions occurring at greater extensions. With extemsion of annealed
Inconel rod, Eo rises sharply and then decreases more gradually, riu-

ing again slightly only at large extensions.
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At large cold reductions of both aluminum-monel and Inconel tubing,
a sharp rise of the modulus, Xy, is obtalned.

1l. With extension of annealed 13:2 chromium-nickel steel xrod, the
tension modulus Egp decreases gradually, reoaching a minimum at beginning

local contraction.

With extension of amnealed 18:8 chromium-nickel steel rod, Eg,

initially rises slightly to a maximum, and then decreasses at a fairly
constant rate over the remaining range of uniform extension.

12. With extension of anmnealed nickel and aluminum-monel tubing, tie
shear modulus, Gp, showg little variation. With extension of anncaled
monel, Inconel, and 18:8 Cr.Ni steel tubing, Gp decreases steadily.

With incressing cold reduction of monel and nickel tubing, G rises
to e msximum &t intermediate reductions and then decreases at greater re-~

ductions., With increasing cold reduction of aluminum-monel and Inconel
tubing, a steady decrease of Ggp is evident. -

13. With increase of the temperature of annealing cold-worked nickel
or monsl rod or tubing, over the stress-rellef annealing range, there is
obtained 1little variation of the tension modulus Eg. Over a similer
temperature range, the temsion moduius Ey, for cold-reduced Inconel rod
end tubing, and aluminum-monel tublng rises. Within the recrystallization
rangs, however, ZE, decreases somewhat for all the above metals except
monel tubing. Higher values of E, are obtained with fectory-annealed
than laboratory-ammealed tubing. '

Alr-hardened 13:2 Cr-Ni steel exhibits little variation of ths ten-
sion modulus, Eg, with tempering temperature. These values are some-

what less than obtained with the factory-snnesled metal. With increase
of the temperature of amnesling cold-drewn 18:8 Cr-Ni steel, the tension
modulus increases at a steady rate.

1k, Little variation of the shear modulus Gp 18 obtalned with

increase of the temperature of amnealing cold-reduced nickel and monel
tubing. A steady rise of Gy 1s obtained, however, with increase of the

temperature of ennealing cold-reduced aluminum-monel, Inconel, and 18:8
Cr-Ni steel tubing.

15. The linear stress coefficient of the temsion modulus, Cy, for

annealed nicksl, aluminum-monel, snd Inconel rod and tubing and for
annealed monel and 18:8 Cr-Ni steel rod rises to maximum, and then
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decreases, during sxtension. With extension of monel tubing and 13:2 Cr-
Ni steel rod, no significant variatiun of Cp occurs., With extunsion

of annealed copper rod; Cp drops rapidly to a small value. With cold
reduction of monel and nickel tubing, Cqo rises to a maximum at inter-

medlate reductions, and then decreases.

16. The linear stress cosfficient of the shear modulus, Cg, rioes

to maximum values with extension of annsaled nickel, monel, aluminum-
nonel, and Inconel tubing. No significant variation of Co 1s obtailned

with cold reduction of these metals.

17, With increase of the temperature of annealing nickel and moncl
rod and monel and alwminum-monel tubing, there is obtained s decroass of
the linear sitress ccefficient of the tension modulus. This decrease
obviously corresponds to a decrease in variation of the tension modulus
with stress.

With increase of the temporature of annealing monel and aluminum-
monel tubing, the lineer stress coefficient of the shear modulus liko-
wise decreases. The dilagreams for the remaining metals show no significant
varletion of these coefficienls with annealling temperabure.

18, An increase of internal stress tends to produce a rise of the
tenslon and shear modull at zero stress for metals., It evidently is domi-
nant during instial extension of amnealed aluminum-monel tubing and an-
nealed Inconel rod, in causing & rise of Eg. It probably aelso is domi-

nant in producing the rise of Ey and Gy with intermediate cold re-

ductlon of nickel and monel tubing. It likewise is dominant in affecting
a rise of the linear stress coefficients of tensile and shear moduli
during initial extonsion of a numbsr of the metals tested. The wide varia-
tion of the tension and shear moduli with stress, end the assoclated large
values of CO obtained upon some unennealed cold-worked metals may be

asgoclated with the presence of inbternal stress. The high values of Lq

obtalned upon factory-ennealed aluminum-monel and Inconel tubing, and 13:2
Cr-Ni steel rod, probebly can be attributed to the internal stress pro-
duced during finishing.

19, The work-hardening or lattice expansion of metals, as differ-
entiated from changes of crystal orientation, tends to cause a decreaseo
of both tensile and shear moduli., The decreass of the tension modulus
with initlal extension of nickel, copper, and 13:2 Cr-Ni steel probably
can be attributed to the dominant effect of lattice expansion. The drop
of Ej at greater exlensions for anncaled Inconol and 18:8 Cr-Ni steel
rod, as well as the continuous drop of the shear modulus Gy with
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extension of annealed 18:8 Cr-Ni stesl tubing mry be attributed to this
factor.,

The rise within the streces relielf annealing range of the tension
and shear moduli of aluminum-monel, Incomel, and 18:8 Cr-Ni steel prob-
ably is due to the removal of the lattice expansion of these motals.

20, A change of crystal orientetion of many metal crystals, botween
states of preferred and random distribution, will tend to change the
values of tensile and shear moduli. Such variation of the modulus is
dependent not only upon the percentage of the crystals affected, but aleo
upon the directional variation of the modulus of a crystal of the metal
concerned.,

With cold deformation of soms face-centersed cublc metals, there is
produced. a preferred octahedral [11l] orientation, which temnds to in-
crease the tensile modulus and to decrease the shesar modulus.” Buch =
change is dominent in the rise with exbtension and cold reduction of
nickel, with extension of copper, snd with large cold reductions of
alumimm-monel and Inconel tuhing. The rapid drop at lerge deformations
of tho shear modulus of nickel, aluminum-monel, and Inconel tubing may
be attributed in part to dominance of this factor.

The rapid decrease of the tension modulue E, at large extensions

of annealed 18:8 Cr-Ni steel, however, may possibly be attributed in
part to the dominant effect of productlion of preferred cubic [lOO]

orientation.

Deformation of annealed 13:2 Cr-Ni steel, is belleved to produce a
preferred dodecahedral [11.0] orientation of this metal. Any such change
evidently doee not have a dominant effect upon the variation of the
modulus of this motsl,

With soft annealing, the lowering of the tensile moduli of nickel,
aluminum-monel, and Inconel may be attributed to the dominant effect of
removal of preferred octahedral [ 111} orientation. ESoft ammealing of
cold-drawn 18:8 Cr-Ni steel, however, tends to ralse the tensile modulus,
poesibly because of the removal of preferred cubic [100]} oriewtation.

The fact that variations of the tensile and shear mcduli sre lees
for monel than for nickel or copper. suggests that the directlonsl
variation of these moduli are less in a rryetal of monel than in sith.r
nickel or copper. Poseibly a similar relationship may be found Letueen
other alloys and their constituent metals.

21l. Poisscnfs ratio, u, as calculated from temsile or chezr moduil,
will be affected only by those factors which produce anisotrory within a
metal, ¥
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With extension of monel, aluminum-monel, Iuconel, and 18:8 Cr-Ni
steol, Poisson’s ratio p, rises. During prior extension, the direction
of the principal shear stresses will be the same as during subsequent ten-
slon testing, but not during subsequent torsion testing., . Tha internal
stresses produced during prior extension therefore tend to raise the ten~
sion wodulus to a greater extent than the torsion modulus is raised; 1t
ie anisotroplic 1n its effect. The large variastion of u with stress,
during extension of these metals, probably likewlse is due to this effect.

However, the internal siress produced during small cold reductions
evidently tends to be ieotropic in its effect upon subsequently measured
properties,

22, With larges cold reductions, as obtained with nickel, aluminum-
monel, and Inconol tubing, there is obtained a marked rise of Poisson's
ratio p; monsel tubing likewlsoc ghows a small rise of p with cold
reduction. This rise is due to the production of preferred octahedral
[111] orientation in these metals, which affects tensile and shear
moduli in an opposite manner. The crystal orientation factor therefore,
likewise is anisotropic in its effect. On the other hand, Poisson's
ratio, p for cold-drawn 18:8 Cr-Ni stecl is very low owing to the pro-
duction of preferred cubic [100] orientation.

23. With soft annealing of nickel, eluminum-wonel, and Inconel tub
ing, therc 1s obtalned a decrease of u, owlng to the removal of pre-
Terred orientation; whereas soft annealing of 18:8 Cr-Ni steel causecs a
rige of p. Cold-reduced monel shows no appreciable variation of u
with annealing temperature, due in part probably to its lesser degree of
cold work of this metal, and in part to the small directional variation
of the modulus for a crystal of this slloy.

An epprecieble variation of Poigson's ratio from its value in the
annealed state gives evidence of anisotropy produced within & metal.
Because Polsson's ratio is very sensitive to small changes of either the
tenslile or shear moduli, only large variations of p calculated by the
method used in this investigation can be considered significant.

24, With lowering of test temperature to -110° F for 18:8 Cr-Ni
gteel, a general increase of toth tensile proof stress and modulus of
elasticity is obtained. Such elevation occure throughout the annealing
temperature ranje investigated.

25. There have been evaluated, for the various metals tested, the
tensile-shear procf strese ratios for 0O.l-percent set and the work-hard-
ening rates in tension and in shear. The tensile-shesr proof stress
velue for cold-drewn metals is found to be less than for annesled metals
or for metals seversly work-hardened by the tube-reducer method. The
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- -rate of work- hardening of a metal determines the rate of rise at the 0.1-
percent precof stress. . This rate ls greatest for annealed coppér and
nickel and least for annesled monel and alumimm-monel.

National Bureau of Standards,

Washington, D. C., April 1945.
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Zable 1.~ Chemical Compositions.

De- [Dlameter or

Metal alg-|Dimensions |Cage

pa—- lag received |Dismeter Chemical. Composition (percent)

tlou} (in.) (in.) c Fo | N1 Cu Gr ¥n A P - -
Nickel rod R 0.625 0.17 }0.07 .08 99.49 | 0.03 -— 24 | - - 0.005 | 0.08
Nickel tubing TR 11 x 0.085 — Q4 05 99.53 04 — «28 -— - | 005 .03
Monel rod G- 0.875 +500 .18 1.24 DAff. | 24.86 —_ 94 -_ - | 007 -0
hel tﬂbing m 1 4 0.%5 -_— .].3 1.49 6?-“ 29;’” — 096 — - .ws .05
et | mfixooss | — |6 | 033 | 662|268 | — | .25 |2m0| - |.005| .3
Inconel rod L | 05 333 | .23 |53 [oage| — | B2 | — | = | - ~ | -
Incon.el mbj-ng .ﬂl 1 x U.(B5 — om 6-40 79-33 0015 13.“ tm — el .011 017
Copper rod N 0.875 -500 —_ — - 199,97 - —_— -_— -1 - —_—

26 teel

Dsp brl stoell ¢ | ans 00 | 09 | pige. | 2008 — [ 133 | w8 | — | -| — | .26
Armesled 18:8
Gr—li B‘t»aBJ. Tod DA -625 -417 107 Diff- 8.63 —— 18-22 '“ — 0.012 -ms -50
Cold-drawn 18:8
Cr-i Btoel rod | | % a7 | a0 | pier. | 9.38| — | 1882] ur| — | 5] — | .35
18: ist
bty g l1zoa | — 07 | paer. [ 204 | — {185 | - | | -] = | =

00TT "ON NI VOVN
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Table 2,~ Thermal Treatments of Rod Materials.

eatment Specimen Temper-| Time Temper-| Time
Materiel| Ag Received | Designation : e_ | Held|Cooled In_ |ature | Held! Cooled In
SF) | (hrs) (°F)
" R — -~ 1As received (hra)
R-2 200 2 |Furnece
R-3 300 2 |Air
Nickel |Cold drawn 4 R-5 500 2 | Furnace
60 percent R-7 00 2 n
R-9 00 2 "
R-11 1100 2 n
R-12 1200 2 "
C R-14 1400 2 n
f G — — | A8 received
G-3 300 2 | afr
G-4.5 450 3 |Alr
G-6.5 650 2 | Air
Monel Cold drawn 4 ¢-8 800 5 | Furnace
40 percent G-9 900 2 |Alr
G-9.75 975 2 | Adir
G-11 1100 1| Adr
G-12 1200 2 | Furnace
_ G-14 1400 1 | Furnece
(L As recelved
L As received, 40 months later
-2 200 6 | Air
L-3 300 2 | Alr
J L-4.5 450 3 |air
Inconel |Cold drewn L-6.5 650 2 | Alx
L-7.5 750 6 | Adx
L-8.5 850 2 | Furnace
1-9.75 975 2 | Alr
L-11 1100 2 | Purnace
L-14.5 1450 1 | Furmace
L I-17.5. | 1750 2 | Furnace
Copper |Cold rolled { N As received
75 percent N-6 600 22 | Mx
r B 1240(a) Furnace(e) As received
E-A A r As air cooled
B-A-6 n 600 2
E-A-7.5 b 750 3
J E-A-8.5 ] J " 850 2
1332 Annealed E-A-9.5 }1750 1R " 950 2 Furnace
Cr-Ni E-A-11 " 1100 1
Steel E~A-12 n 1200 2
E-A-14.5 " 1450 1
| E-F . \Furnace JAs furnacé cooled
i I
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Table 2.~ Conbtinued,

Treatment Bpecimen Temper-] Time Temper—] Time
| Material|As Recelved | Designatloniature | Held|Cooled In | ature |Held |Cooled In
e (OF) (hrﬂ) (OF) (hrs')
(| Annealed DA Ag received
(DM As received Tested et room and low tem-
peratures
DM-4.8 480 44 |ALr Tested at room temperature
ig:8 DM-5 500 PR EE Tested at room and low tem-
Cr-N3 { peratures
Steel ||Cold drawn K DH-7 700 " mow om w u
D=9 900 L " " " " n "
DM-10.25 1025 " Tested at room temperature
@&1—18.3 1830 Water Tested at room and low tem—
\{_ peratures
i ]

{a) By manufacturer.

Teble 5.— Work-Hardening Rates(®) for Annealed Metals and Alloys.

Method of Measuring Material
and Form Nickel | Monel | Aluminum~ | lnconel | Copper | 13:2 Cr-N1]18:8 Or-Ni
Monel Steel Steel
Tension, rod 1.87} 1.30 _ .45 2.15 1.43 1.67
Shear , tubing 2.321 1l.33 1.15 1.21 - - 1.70

(a) Ratio of O.l-percent proof stress for metal extended to 3 percent squivalent

reduction to that for unextended metal.
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Table 3¢~ Detalls of Thermsl emd Mechenical Treatments of Tubing

L3

Spacimen
Matal | Trestments Received | Deglg- {[No. of Aunealing
nation |Specimens|T ature] Time Hald
ideg. F) {hours)
(Cold drawn 10 percent TRA 2 -
Cold drewn 20 percent TRB 2 —
Cold drawn 30 percent TRC 2 -—
Cold drawn 4D percent TRD 2 —_—
2 —
TRE-3 2 300
TRE-5 2 500
Tube reducer _J TRE-7 2 700
75 to 80 percent TRE-9 2 900
Hickel.{ TRE-10 2 1000
TR TRE-11 2 1100
L IRE-12 2 1200
"TRF-14.5 2 )
Tube reducer TRF-L4.5R-0.5 2
76 to 80 percent TRF-14.5R-1.0 2
normalized at TRF-14.58-2.0 2 2| 1450
5000F TRF-14.5R-3.0 2
TRF-14.58-5.0 2
L L_TRF-—].L- 53—10 -0 2 J
([Cold drawn 10 percent TGA 2 -
Cold drewn 20 percent TGB -2 —
Cold drawn 30 percemt TGC 2 —
(TGD 2 —
TGD-3 2 300
TGD-5 2 500
J < TGD-7 2 00
Monel [1Cold drawn 40 pereentTGD-9 2 900
TG TGD-10 2 1000
TGD-11 2 1100
| T6D-12 2 | 1200

cooledl
In

Mechsnical T l(a)t

Remarks

As recelved
Ap recelved
As recelved
Ag recalved
Ag recelved

Ag received
As recelved
Ag received
. 48 recelved

Tepted as annealed

Tested a5 amealed
Extended 0.5 percent

n 1.0 n
n 2,0 7
" 3,0
" 5,0 "
n 6.0

Tested 88 annealed

"ON NI YOVH
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Specimen
Ketel |Treatments Beceived | Desig- |No. of |mnnealing (a) Bemarks
MM_WWQMQ Mechanical Treatwen
deg. F (hours)
Monel I TGE-14 2 Tested as amnesaled
TG TGE-14R~0.5 2 Extended 0.5 percent
TGE-14R-1.0 2 " 1.0 »
Tu.bﬂ rmar TGE-JJIR-ZGD 2 Mm 1 " 2.0 n
75 to 80 perceat, TGE-14R-3.0 2 . 3.0 *
normalized at 5000F |TGE-14R-5.0 2 " 5.0 ¢
| TGE-14R-10.0 2 * 10,0
( Aunealed THA 2 As received
Cold drawn 40 percentTHR 2 Ap received
rTHC 2 Ag recelved
THC-3 2 300
THC-5 2 500
Tube reducer S THC-7 2 700 1 Tested as annealed
60 percent THC-9 2 900
THC-10 2 1000
Alum-~ J THC-10.75 2| 107 10 Tested as armealed
inum- (THC-12.00 2‘ 1200 1 Teeted ns annesled
Honel (THD-15.5 p3 [Tested as annealed
TH THD-15.5R-0.5 2 Extended 0.5 percent
Tube reducer THD~15.5R-1.0 1 n 1.0 n Tosted in tension
60 percent, J )J- only.
normalized at 5000F | THD-15.5R~2.0 2 1550 1 n 2.0 n
THD-15.5R~3.0 2 " 3.0 v
THD-15.5R-5.0 2 " 5.0 "
P \THD-15.5R-10.0 2-1 \ " 10.0 n
Annes]ed TLA 2 — As recelved
Cold dramn 50 percentTLB 2 _— As received
("TLG 2 — A received
TLC-3 2 300 )
TLC-5 2 500
Tube reducer 4 TLC-7 P4 00
75 — 80 percent TLC-9 2 900 1 Tested as annealed
Inconell TLC-1) 2 1100
TL TLC-13 2 1300
\T1C-15 2 | 1500 |

"ON RI ¥OVN
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Specinen
Matal | Treatments Boceived| Desig- | No. of |Annealing Cooled (a) Remarks
nation | Specimens|Temperature| Time Held In Mechanleal Treatmen
{deg. F) {houra)
Tncon (TLD-17.5 2\ (Topted as annealed
™ TLD-17.58-0.5 2 Extended 0.5 percent
TLD-17.5R~1.0 2 " 1.0 ™
TLD-17.58~2.0 2 " 20 °
Tube reducer JTLD—l'?.SR—B.D 2| > 1750 1 MrK " 3,0
75 - 80 percent, TLD-17.5R~5.0 2 " 50
normalized at 5000F {TLD-17.5R-10.0 2 " 10,0 ™
TLD-17.58-17.0 1 * 17,0 " Tegted in tension
only.
L \TLD-17.58-17.25 1) L " 17.28 "  Teated in torsion
~ only.
TC 1l Am received LI LI |
TC-3 1 300 [ uon
TC-5 1 500 " . n o
1¢-7 1 700 1 Ar | Tested as annealsd LA won
TC-9 1 900 ] ] " ow
TG~11 1 1100 L
TC-13 1 13000 (Tasted g armealed | ® * v ®
1818 Gr-JCold—dramn K 1c-19 h A . e e ow
Ni Bteel TC-19R-0.5 1 Extended 0.5 percent] ®* © L
TC TC-19R-1.0 1 * 10 LI T
TC-198-2.0 1 ? 1900 1 Water{ " 2,0 v LI I
TC-19R~3.0 1 . " 3.0 " U " .
TC-198-5.0 1 . L 5.0 L] ] ] nw
TC-19R-10.0 1 " 100 * r n wow
(FC-19R-20.0 1} P [ " 2.0 L LI
|

00TT "ON N&I VOVN

(a) Only nominal extensions indicated; for actusl wvalues, sce diagrams.



Table 4.~ Hysteresis

Qi

Tmwe In- Permanent Set
Speoimen|Cycle| True Stress|Totallterval Af-]Strain|ioop |[ue to Cycle, ¥|Total Negative Creep at Positive
No. No, Renge |Cyclejter Pre- {Hange |Width{Before Pernanent Bottom Creep
Tize lceding Negative| Net | Set 1 min] 2 minJ 3 min. | Below
Cyole Creep Top
(1b per 1n.2)(nin.){hr:in) [(E)  [(%) (%) ¥4
DA-5 1| 14755903 ——{ — |15.3 | — — |15.00 }15.00 — - — —
2 1.7-75-5 1.3.0 030 05424 Dous 0.(”4 01036 15-086 0.006 — 0.00B —
311.7=75.5 140} 030 .366| 092 .038 <034 [15.120) o003 - <004 -—
4 |1.7-75.5 10.5] 0:0 .3491 076] .022 018 |15.138] 002 _— 004 -_—
5 | 1.7=75.5 11.0{ 020 38| LOT4] L0233 LOL5 115.153( .004 — 008 G.008
6 117"7505 10.5 0:0 t345 0069 .0l8 001-5 15-1& -001 — .003 .005
8 1-7"75.5 8-0 030 -337 -065 0013 .009 15.187 -mB — -OOL .005
35 1-7"‘75-5 900 030 -329 -055 0010 .005 15.2&9 .COB — qms .w3
39 | 1.7-75.5 11.0| 020 .329| .057| .008 -005 [15.266| .002 | — 003 -005
1[0‘0 1-7—75-5 ].2.0 0:0 0324 -049 .006 -003 15.3“ -m2 - om3 .003
155 | 3.7-15.5 10.0| 2410 <353 .067| .032 027 |15.387] 004 — 005 005
156 [1.7~75.5 9.0 020 .331| .054| .008 004 |15.391| .002 — 004 005
157 1- 7-75 . 5 10.0 0 :0 1333 0054- -009 -0’05 15- 3% -m3 — om om3
159 |1.7-75.5 57.5] 010 «335] 055 .010 006 [15.404 002 — 004 003
161 1|7-7505 10-0 0=0 1328 .050 n005 -001- lsnm omj — .m4 -m4
DA-3 1 | 1.4-45.5x103| 29.0 _— 3.36 |3.20 —_— 3.185 | 3.1B5} —- - —_— -—
2 | 1.5-45.5 16.5| 020 0.329]0.187] 0.166 0.156 | 3.341| -— {0.010 —_— —_
3 | 15-45.5 8.5} 0%0 «232] 092] .06L 060 | 3.401] -—— 001 —_— -_
& 1 Lab5-45.5 8.5 020 «230| 083] .054 L0851 | 3.452| — <003 —_— -_—
5 | Le5-45.5 9,0 020 221 J084) .036 034 | 3.486] — 002 —_ 0.030
DA-4 1-30 | 1.5-45.5x103| 1.0 (Avg.)— —_] -] — 3.50 | 3.50 | — — _ _
31 |1.5-45.5 10.0 0:0 0.224|0.07| 0.055 0.052 | 3.552| — 04003 —_ 0.015
83 [1.5~45.5 13.5| 0302 JA78| J026] L0088 | L0064 3.791(0.0024 | — — .0038
116 | Lo5-45.5 10.0| T30 Jd87 L0311 L0175 L0137 3.867| .0038 —_ —_— 0016
118 | 1.5-45.5 12.5] 002 L7501 022 0055 0034 3.873| 0021 _ —_— 0037
376 1-5—4505 1700 0:02 11-76 0024 -m53 -0030 30955 .m23 e - -m52
377 | La5-45.5 13.5{ 002 178| .02% 0077 0057 3.963{ .0020 — —_ 0026
388 | 1,5-45.5 7.0] 0:02 J85] 032 .0120 L0112 3.9811 .0008 — — L0024,
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ERAMLAIITENETY ™
. g

8 Specimen

A, A' Gage rings

B, B' 8Set screws

¢ Cylinder

D, D' Standard prisms

E, E' Roof prisms

F Placement screw positions

Figure 1.~ Optical torsion meter.
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Test specimen

Specimen olamps

8pecial adapter

Figs. 3,3

Amsler testing machine adapters

Insulated cooling system

Helicel s_pring

Outer extension erms

Inner extension arms

Heating colls

8tellite prismatic lozenges

Roof prisms

Figure 3.~ Asgembly of low temperature, tension testing apparatus.
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Figs. 8,9 NACA TN No. 1100
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Figure 10.- Variation of tensile proof stresses with prior deformation
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Figure 11,- Variation of tensile proof stress with plastic deformation
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Figs. 12,13 NACA TN No. 1100
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Figure 13.- Variation of tensile proof stresses with prior extemsion for
annealed Inconel rod L-17.5.
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Figure 13,- Variation of tensile proof stresses with plastic deforma-
tion for Inconel tubing TL. A-Inconel TLD, annealed and ex-

tended. B-Cold-reduced Inconel.



NACA TN No. 1100 Figs. 14,15

& , COPPER, N-6 N
Q 60 COLD ROLLED, ANNEALED AT 600°F. o,
& Qo} o’fi""‘m':f“ INTERVAL T——ExTENSION AT MAXIMUN LOAD. EOE,.,.A:“ ?
o & : [ 1
< 60 50 O=--31TO 35 MIN. 1
Q‘."Q\‘? O --21T0 22 MR, : 0.1% 0.03%
NS 7-- 46 TO 7! HR. i — :
2 &'e0 50 40 —— = ¥ ! 1
S : - 0.03% i 15 v
F60 50 40 30 =t o=
QO ] L I
60 50 40 30 20 . 5 3 0, '
| : ' — i~ T _g
— =— s
50 40 30 20 I0 A : ki o®
» R
W L " 2 e [o] jo
40 30 20 10 O |7 ] ~<— = ooit i
:*® = — 73
3020 10 0 gLt = S
3 Q
:') = V‘Ef_
A
20 10 0 © ™~ o -—%
;, o £ — ] \\ \eol%.
< N o L1 7 N
10 0 9 .- — A \\v \y
1 [} o A
8 ?Ei | B
0 o
3 g 0 5 10 I5 20 25 30 35 40 05 1
o PRIOR EXTENSION, PERCENT
o
o

Figure 14.~ Variation of temsile proof stresses with prior extension for
copper rod. A-Annealed copper N-6. B-Cold rolled copper N.
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Figs. 168,17 NACA TN No. 1100
18:8 GR-NI STEEL,DM-18.3
COLD DRAWN, ANNEALED AT I830°F, -
160 1] prion rest inTenvaL - —"exTension AT MaximuM Loao, | L T+ 1
160 O--2 70 3 MIN, 1
160 140 K 0--33 TO 37 MIN, | //’T _
160 140 | | A--217o 23HR. 0_\1’\/ y _
160 140 |20 f—foy coTolSOHR T 1| e ~ |
140 120 o &'o % -~ -
140 120 100 1 — T i
120 100 ~11 < - ]
120 100 80 4| i ~Sco ~J N 1
00 80 > T o d iﬁ’{ RN
oo 80 60 - ¢ S -
I : \I\\J_ Y- o
80 60 40 ; : :
60 40 — | ¢, : N \oo@,; 1N |
60 40 eofml D . NHAWHLE N BEANEN
40 eo N r\‘% A\ AWIA \0.0 N 3 -
40 20 o] L AN ol N\ N
20 o AN N Pl -
o o o TN NI N ST
o L B O : 2 4 N
¥ S |
0 Y] o o
L8 o O 4 8 12 6 20 24 28 30 3I6 40 44 48 652 856 60 64 68 72
s © PRIOR EXTENSION, PERGENT
o o
S
Figure 16.- Variation of tensile proof stresees with prior extension for
ennealed 18:8 chromium-nickel steel DM-18.3.
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Figure 18.- Variation of shear proof stresses with prior deformation for
monel tubing TG. A-Monel TGE, annealed and extended. B-Cold-
reduced monel. :
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Figure 19.- Variation of shear proof stresses with prior deformation
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SHEAR PROOF STRESS, LB PER SQ INCH (THOUSANDS)
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Figure 20.- Variation of shear proof stresses with prior deformation for
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Figure 32.-~ Influence of cold-reduction on the ratio of 0.l-percent proof
atress in tension end in shear for nonferrous metal tubing.
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Figure 24.- Variation of tensile proof stresses with annealing tempera-
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Figs. 38,39
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Figure 3l.- Directional variation of the Figure 32.- Directlonal variation of the
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Figure 33.- Directional variation of the
tensile modulus of elasticity
of a crystal of alpha irom.,

Figure 34.- Directional variation of the
shear modulus of elasticity
of a crystal of alpha iron.
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Figs. 48,43 NACA TH ¥o. 11C0
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Figs., 46,47 RACA Th No. 1100

S
S MONEL.TG o
21 EXTENDED OR GOLD REDUGED TO INDIGATED EQUIVALENT REDUGTION ©
- ©-~~TGE, ANNEALED AT 1400°F, EXTENCED, g
S D--REGEIVED GOLD REDUGED. 2'
2 <]
=
; :
G - —
10 - 0 % - G
@ g, 8 7 G =_4$‘*——G_2°9 <\l\.\n‘\ _0 L(S
3 0 g\c\o Go 14.45 T - 1 ] e o
. Giaal | 11— I I T z
e E | I = ]
2o ‘ ' ' H. k
. g u
< G ' ' I X 1073
] Lo < D po] 7
i o © o e A
u = - = 4
O Y ' ' /1. &
3 | . T ! g o«
3 A B ¢ x
2 T T T =
o T T T 2 z
x : IJ 3
-4 l o]
@ 0 2 4 6 8 10 O 10 20 30 40
5 EQUIVALENT REDUCTION OF AREA, PERCENT
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Figure 47.- Variation of shear modulus of elasticlty and its linear

stress coefficient with prior deformation for aluminum
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reduced aluminum-monelX,
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Figure 48.- Variation of shear modulus and its linear stress coefficient
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Figs. 50,51 NACA TX No. 1100
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NACA TN No. 1100 Figs. 52,53
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NACA TN No. 1100 Figs. 56,57
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Figure 56.- Variation of shear modulus of elasticity and its linear’
stress coefficient with annealing temperature for cold-
reduced monel tubing TG.
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Figs. 58,59

Figure 58.- Variation of shear modulus of elasticity and ite linear
stress ooefficient with annealing temperature for cold-
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NACA TN No. 1100 Fig. 68
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